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ABSTRACT
Denney, Jacob Michael. M.S.M.S.E. Department of Mechanical and Materials
Engineering, Wright State University, 2020. The Thermal and Mechanical
Characteristics of Lithiated PEO LAGP Composite Electrolytes
Lithium-ion batteries are part of a multibillion-dollar industry that strives to meet the demands for
an increasingly advanced technological future. Flexible batteries can be easily adapted from
emerging novel wearable electronics to electrical vehicles and advanced solar panels. Solid-state
batteries can greatly reduce the risk of fire or leaking hazardous materials due to puncture. For the
development of solid-state flexible lithium based batteries polymer-ceramic composites are
attractive electrolyte candidates because of their combined properties, such as electrical, thermal
and mechanical properties, that not only overcome limitations from the base materials but may
also render some enhanced performances resulting from the interaction among the components.
In this study polymer-ceramic composite electrolytes consisting of polyethylene oxide (PEO),
Li1.4Al0.4Ge1.6(PO4)3 (LAGP) and two lithium salts (LiTFSI and LiBF4) are studied.
Thermogravimetric Analysis (TGA), Differential Scanning Calorimetry (DSC), and Dynamic
Mechanical Analysis (DMA) are used to characterize their thermal and mechanical
characteristics. The glass transition temperature, onset of melting, the decomposition temperature,
the characteristics of the stiffness and strength as a function of temperature are determined and
analyzed. It is aimed to determine how the lithium salts and LAGP ceramic impact the thermal
and mechanical properties of the electrolytes.
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1. Background and Introduction
The hope and dream for the future is to use batteries as a way of storing energy produced from
renewable sources, which would remove our dependence on fossil fuels. There is an increasing
demand for energy storage both in stationary and in transportation applications. For renewable
energy sources such as wind, solar, or hydro power, there are two options for the energy
produced. The energy can either be sent straight to the grid, or it can be stored for times when
energy production is decreased. For the latter case, energy storage using rechargeable batteries
is an important requirement. According to the Environmental International Agency, the total
amount of storage in the US from utility-scale batteries is increased to 900 MW in 2018.(1) For
comparison, this value was just over 200 MW in 2014. With the total energy production in the
United States reaching nearly 1,100 GW produced, the need for energy storage is expected to
continue increasing exponentially. In short, rechargeable batteries are going to be increasingly
important in the future especially due to the rise in renewable energy sources.
In order to maintain our current level of energy output, battery storage and efficiency are going
to be paramount points of focus. Of the current battery storage options, over 90% are of the
lithium-ion type. (2) Lithium ion batteries are attractive and heavily used around the world due
to their high energy output and power density (3). They have applications from consumer
electronics, to biomedical devices, electric vehicles, utility storage and beyond.
The first lithium-ion battery cells were created in the 1970s, but their use was not fully
commercialized until the early 90s (4). Lithium-ion batteries are in the spotlight even more than
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before due to 2019 Nobel Prize in Chemistry. From the Nobel press release, “Lithium-ion
batteries have revolutionized our lives since they first entered the market in 1991. They have
laid the foundation of a wireless, fossil fuel-free society, and are of the greatest benefit to
humankind.” (5)
An important start to making the advancement of lithium ion batteries is by improving the
physical structure and mechanical properties of the components. In the past, research efforts
are mostly focused on increasing their lifetime and potential power output while minimizing the
related costs. Another potential limitation for batteries comes from the use of a liquid
electrolyte. Traditional battery design made up of liquid electrolyte requires a very defined
shape contained within a rigid casing. This helps maximize their energy output while keeping
their physical footprint as small as possible. This form factor is great for most consumer
applications where it has become an accepted standard, but in conditions where movement or
flexibility may be required, traditional batteries fall short. For applications such as portable
biomedical devices, new rollable and printable solar cells, and flexible device displays, a flexible
battery may be able to fit design specifications better than traditional batteries. The liquid
electrolyte also restricts the operation temperature in the vicinity of ambient temperatures.
Moreover, the liquid electrolyte has potential safety hazard. This research effort is aiming to
develop lithium-ion batteries using solid state electrolyte.

1.1 Background on Lithium-Ion Batteries in General
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While there are numerous different types and configurations that batteries can take, they all
share similar basic characteristics. All batteries include an anode, cathode, and an electrolyte to
facilitate ion exchange. Due to chemical reactions in a battery cell, electrical power can be
captured and used. The anode is the negatively charged electrode of the cell while the cathode
is the positively charged portion of the cell. The electrolyte is a material between the anode and
cathode that allows ionic transport from the cathode to the anode and equilibrate the two
terminals. (6) When a circuit is completed, two simultaneous reactions occur. Electrons flow
from the anode, through the electrical circuit and end in the cathode where they are accepted.
While this is occurring, positively charged ions flow from the cathode, through the electrolyte,
and into the anodic terminal of the battery.
Lithium based batteries have several advantages over other types of cells, including a higher
energy density, a longer shelf life, ability to withstand more power cycles, low idle-drainage, and
their relative ease of production. The main drawback of using lithium ions comes from their
relative instability in atmosphere. Many lithium compounds ignite when exposed to oxygen.
There is also the possibility of thermal runaway if the battery were to be held at an elevated
temperature with no way to vent or cool itself. (7).
1.1.1

Cathode

The cathode of a lithium-ion battery is involved with the accepting lithium ions and electrons
during discharge. The material has several required properties including high electronic
conductivity, high power density, high capacity for reactions, and must maintain stability if
overdischarged. (8) Some lithium-based oxide materials usually fit these criteria very well. The
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cathode is usually of specific research interest due to the fact that it is commonly the heaviest
and second most expensive portion of the battery. (9)
Several cathode materials are commonly used in lithium-ion batteries, each with their own pros
and cons. These materials include LiFePO4 (LFP), LiCoO2 (LCO), lithium-titanate (LTO), and
LiMn2O4 (LMO) due to their high specific capacity, overall cell voltage, and their ability to
recharge over numerous cycles. LiCoO2 has a layered hexagonal structure, having high specific
energy and relatively low cost makes up for it in most cases. LiCoO2 is a cathode commonly used
in Li-ion batteries for consumer electronics like cell phones, laptops, and digital cameras, in
which there is a lesser need for high thermal stability and a larger load capacity. LiCoO2 is held
back by its less-than-ideal lifespan and theoretical number of cycles. Recent efforts explore
doping the material with nickel and manganese to improve its performances. Aluminum doping
does not disrupt the lattice structure of the cathode, and increases overall ionic conductivity
(10). When it comes to LMO, it commonly forms a 3D spinel structure that provides numerous
benefits for battery-related uses. The spinel structure improves ionic flow and decreases
internal resistances. LMO has fairly moderate properties all around - cost to produce, specific
energy, specific power, and life span etc. For everyday uses LMO is a safe choice. Some
properties can be tuned using dopants. For example, dopants such as nickel can improve the
specific energy and overall capacity, but often reduce the number of cycles a battery can
withstand. For the case of things such as electric vehicles, this tradeoff can be worthwhile, but
the choices made are heavily situationally dependent.
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There are several desirable properties of these cathode materials that can be modified through
dopants or other additives. These materials were combined or doped with elements such as
aluminum leading to the advanced performances, such as lithium nickel-manganese-cobalt
oxide (NMC), i.e. LiNixMnyCozO2 where x+y+z=1. and lithium nickel-cobalt-aluminum oxide(NCA).
LiFePO4 is a cathode more commonly used and dominant. LiFePO4 has several properties that
are highly desirable. LiFePO4 is extremely stable relative to other lithium cathode compounds.
Although it has a relatively low specific energy, it has a very high overall specific power. LiFePO4
also is able to withstand a large number of power cycles without any degradation and has a very
high thermal resistance. The main drawbacks come from its very low resistance to water and
moisture in the air, and its high self-discharge when compared to other cathode types. LiFePO4
can be doped with Zinc ions to improve performance. Zinc maintains the lattice structure of the
material and enlarges the overall lattice volume, allowing for greater ion transport in the
material. (11)
Li-ion batteries based on these cathode materials, in comparison with Lead acid, NiCd, and NiMH batteries, are pictured in figure 1.
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Figure 1: Potential storage capability of different cathode used in lithium-ion batteries. It is also
notable how much the capacity is increased in terms of gravimetric energy density compared to
lead acid, nickel-cadmium (NiCd), nickel-metal hydride(NiMH), batteries. Ref: (59)

1.1.2

Anode

In lithium metal anode batteries, dendrites will form during the discharge process. Controlling
dendrite growth is a key to the lifespan and performance of the battery. Using lithium
intercalation compounds or lithium alloys can alleviate the dendrite formation.
Graphite and carbon based anodes are the most common in lithium-ion batteries due to their
many merits including good ionic and electrical conductors, high rate of lithium diffusion, long
lifespan with multiple charge/recharge cycles, besides their low cost and high abundance. (12).
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Even with their positive properties, they do have a severe drawback in that their energy density
is a limiting factor.
Alloyed silicon, tin, and antimony-based materials are also researched, due to their high
reactivity with lithium, high abundance, and environmental friendliness. In practice, these
materials have poor overall performances. (13) These anode materials experience a high volume
change during discharge that can result in cracking and a loss of material properties. They are
also reactive at the electrolyte interface. This results in a passivation layer that increases
internal resistance in the battery. Additionally, most of these alloy materials are reactive and
form oxides when exposed to atmosphere. This can cause issues when preparing materials as
their properties can be degraded before the battery is even assembled. Even with these
drawbacks, these materials look promising for future battery endeavors, but material
preparation techniques need to be improved to give them the best chance for success. If the
overall efficiency can be improved to surpass carbon-based anodes, it is likely that overall
battery technology can be accelerated.
1.1.3

Liquid Electrolyte

Conventional batteries generally deal with a liquid electrolyte to aid in the transport of Li-ions
between the cathode and anode (7). Liquid electrolyte materials are lithium salt dissolved in
aqueous or organic solvent or ionic liquids. Common lithium salts used in Li-ion batteries are
LiNO3, Li2SO4 in water systems; or LiBF4. LiPF6, LiClO4, and LiTFSi in aprotic solvents (12)(14). The
advantage of a liquid electrolyte over any other material has to do with their strong conductivity
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at room temperature. Because liquid electrolyte-based batteries are already accepted as a
universal standard, they are unlikely to be replaced easily.
The main drawback from a liquid electrolyte system has to do with the possibility of leakage and
a very high sensitivity to temperature. Any puncture or break in the casing of the battery can
cause the electrolyte to leak out. In most cases, combustion is initiated due to the leaking of the
liquid electrolyte, or the failure of the polymer gel separator. Past 200oC the material shows an
exothermic response that can lead to runaway when used in batteries. (15) Any pressure
increase whether it is from a puncture or runaway reaction, can lead to a fire or battery failure.
In extreme cases, the flammability of liquid electrolytes can lead to explosion. This can be seen
in a few cases, among which the most notably in the explosion of Samsung phones in 2016. In
addition to poor public perception, this can lead to epidemiological, environmental, and battery
performance issues.
1.1.4

Polymer Electrolyte

Polymer electrolytes on their own have been recognized for their unique properties since the
1970’s. There are essentially two distinctions when it comes to polymer electrolytes, dry vs gel
type. Similar to liquid electrolyte systems, gel polymer electrolytes incorporate organic solvents
to increase their overall conductivity. (16) The most commonly studied dry polymer
electrolytes are polymer-salt complexes. The addition of a salt enhances the conductivity of the
material but generally degrades its physical and mechanical properties. Dry polymer
electrolytes have the advantage of being incredibly mechanically flexible, especially relative to
liquid or ceramic electrolytes. There is the additional safety aspect as the lack of organic
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solvents reduces the risk for fire or exothermic reactions due to punctures. In polymer
electrolytes, some of the most common base polymers include polyethylene oxide (PEO),
polymethyl methacrylate (PMMA), polyvinylidene fluoride (PVDF), and polyvinyl chloride (PVC).
Some of the most commonly added salts for lithium-salt complexes include LiBF4, LiTFSI, LiClO4,
LiPF6, and LiTFSM. The salts vary the properties of the polymer electrolytes such as
hydrophilicity, thermal stability, ionic conductivities, and the interactions with other dopants.
From previous studies, LiPF6 has a very high conductivity at room temperature followed by
LiClO4 and LiBF4 (17) (18). LiPF6 and LiClO4 can both reach conductivities of above 10 mS/cm,
where LiBF4 can generally only reach on the order of 5 mS/cm (17). LiPF6 and LiClO4 are both
inferior to LiBF4 when it comes to thermal stability and behavior in high humidity environments
(17). LiPF6 begins melting near 200°C, LiClO4 begins meting near 236°C, and LiBF4 begins to melt
near 300°C. When selecting the desired material, it is important to determine beforehand what
properties are the most important for the utilization. There is some sort of tradeoff with any
current material, so it is necessary to maximize the most important variables while mitigating
any drawbacks that may appear.
There have been continuing advancements regarding polymer electrolytes since their
inception, but there are still a few hurdles before their use can be more widespread. The first
and possibly most important issue has to do with the conductivity of solid-state electrolytes.
Some examples of polymer gel electrolytes have reached conductivities on the order of 10-3 S
cm-1 and dry solid-state electrolytes usually range on the order of 10-5 S cm-1 at room
temperature. These values can vary significantly based on the temperature of their
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environment. However, polymer electrolytes generally have much lower thermal resistance,
especially when compared to similar ceramic materials. (19) At this point, consumer electronics
using dry solid polymer electrolytes are nearly nonexistent.
1.1.5

Ceramic Electrolyte

Ceramic electrolytes have great thermal stability and rigid structure, which can withstand
temperatures up to 900oC. NASICON structured materials utilized as electrolyte include Li4GeO4
and Li4TiO4, LAGP, and others in the LISICON family including Li2ZnSiO4, Li2BaSiO4, and Li2CaGeO4
(20), garnet structured Li5La3Li2O12 or Li7La3Zr2O12 (LLZO). Ceramic materials have an innate
advantage over liquid electrolytes and polymer electrolytes in that they are generally much
more resilient. This would be incredibly useful in either very high temperature, corrosive, or
other inhospitable environments.
On their own ceramic electrolytes are very strong materials but suffer from brittleness and lack
of ductility. Further, much like common dry polymer electrolytes, they suffer from poor
interfacial contact with anode and cathodes (16). Ceramics tend to lack in conductivity at least
when considering room-temperature uses. Consistent with other ceramic diffusions
mechanisms, conduction in ceramic electrolytes occurs via ionic point defects. Because of this,
the ionic conductivity of the ceramics increases directly with temperature. Ceramic electrolytes
are not frequently used at this point due to their current design limitations. The ideal use case
for ceramic electrolytes would be in a situation where both a thin-film design and rigidity are
mandatory. (19)
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1.1.6

Polymer-Ceramic Composite Electrolyte

Although both polymer electrolytes and ceramic electrolytes have very promising
characteristics, they also both have critical problems. An intuitive solution to solving these is to
engineer composite materials. Composite materials are created to rectify some of the downfalls
that the two materials show on their own. The idea behind polymer-ceramic electrolytes is to
combine their properties to make a composite that is better suited than either by itself. An ideal
material would combine the flexibility and resilience of a polymer, while also maintaining the
conductivity and high tensile properties of a ceramic. For instance, polymer-lithium salt
electrolyte cannot attain useful ionic conductivity until at temperatures above 60-70°C, at the
melt temperature from the crystalline to viscous liquid, which has poor mechanical properties.
As a result, the use of conventional polymeric electrolyte in devices poses similar problems of
liquid electrolyte. To improve physical and mechanical and ionic conducting properties, several
techniques have been adopted e.g. formation of block copolymers, grafting, and dispersion of
micro/nano ceramic particles into the polymeric matrix as the third component – known as
composite polymer electrolyte (CPES).
Addition of a number of inorganic ceramic fillers such as Al2O3, TiO2, SiO2, Li3N, LiAlO2 and fast
ion conductors. The effect of these additives in CPES has two antagonistic effects: (1) enhance
the volume fraction of the amorphous phase in the polymer complex that supporting ion
transport process; (2) increase glass transition that increase polymer chain motion responsible
for ion transport. In theory, ceramic addition into polymer will also decrease the crystallinity of
the solid, although there are exceptions to the rule. The decrease in crystallinity would increase
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the overall conductivity at low temperatures. It also appears that the size of ceramic molecules
added has an impact on the conductivity of electrolytes. If the added molecules are too large,
they orient randomly and have a negative impact on the conductivity. (23) But if the ceramics
are large enough, they can inhibit the crystalline phase of the polymer and encourage
amorphous phases. This is an important characteristic to keep track of when designing
composite materials. Ceramic additives may also increase mechanical and thermal stability in
addition to the enhancement in electrochemical and interfacial properties, these features
render CPES suitable for practical application in devices.
Early in the history of the technology, alumina was added to PEO-LiClO4 polymers with the
purpose to improve the chemical stability of the material. (21) It was observed that the
conductivity remained constant, but the stability of the material above 100°C was greatly
improved. (22) From that time on, different materials were researched to see how their
properties could be improved. In recent years, combinations of materials, not limited to, PEOLiBF4, PEO-LiClO4, PEO-NaI, Al2O3, zeolite, SiO2, and LAGP have been researched. In some of the
cases, desirable properties have been seen, although one candidate has not risen to the top as
the best-of-the-best. In one study, SiO2 was used as a filler and added to a polymer electrolyte
compound. Adding SiO2 to the polymer increased the conductivity of the material mostly linearly
up to a certain point. (24) Past a critical amount of ceramic added, conductivity readings were
difficult to take, and also not very useful as the mechanical properties began to rapidly degrade.
This phenomena is also supported in other similar ceramic research (25). The addition of SiO2
lowers the glass transition temperature and its presence makes it more difficult for the polymer
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to crystallize and increases the amount of free space in the material. It does appear that the
presence of more than a threshold amount of SiO2 will decrease conductivity.

1.2

Batteries for High Temperature Stability and Applications

Generally, majority batteries of consumer usage are limited to a temperature range of from 20oC to 60°C. It is accepted that the highest optimal temperature to operate lithium Ion
batteries is closer to the 35°C territory. (26). This value is at the upper limit of usual consumer
use, but under heavy loads it is possible to surpass the ideal temperature in traditional lithiumion batteries. Exceeding optimal operating temperature, degradation of the components,
accelerated aging, and thermal runaway are all possible in traditional lithium-ion batteries. It
has been observed from previous studies that prolonged high load and thermal exposure results
in an irreversible movement of lithium ions at the cathode. (27). Not only do elevated
temperatures reduce the efficiency of the batteries, they also pose a safety hazard. Inherent
with Li-ion batteries is the risk of fire and explosion, and these factors are increased by the
introduction of higher temperatures. With limited options for active cooling, the heat produced
by the internal components of the phone create a dangerous problem.
Therefore, high temperature stability is desired to prolong the lifespan and to reduce safety
hazard during battery operation.
On the other hand, the operation temperature may exceed the natural limit for specialized
applications. There is an increasing demand for batteries that can operate in high temperature
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environments for applications in aviation, medical and oil industries. High temperature
application refers anything above 100°C (28) (29), among which at or above 300°C is considered
to be extreme high temperature. For example, power sources are needed for electronics around
engines where temperatures can reach 150°C, for medical devices that can withstand a 120°C
autoclave.
At present, primary lithium batteries with molten lithium salts or ceramic electrolytes such as
Li4GeO4 and Li4TiO4, are typically used for high temperature applications. The thermal stabilities
of some cathode materials used in the high temperature lithium batteries are shown in figure
2(a). It can be seen that though they have very high energy outputs, lithium materials
decompose much more quickly than molten or metal-based electrolyte materials.
Traditional lithium ion batteries fall short for high temperature applications. Several of the
constituents are not suited for thermally demanding conditions leading to accelerated cell
failure. Figure 2(b) shows the process that will occur with traditional batteries under increasing
temperature. Once a threshold temperature is reached, thermal runaway is an inevitability
Current Li-ion batteries have found their way into harsh thermal environments for use in solar
grid storage or electric vehicles, but these batteries require complex thermal management
systems to keep the batteries from overheating. A thermal management system adds to the
overall cost, consumes power to operate reducing overall efficiency, and takes up space that
could be filled with additional battery packs, lowering the volumetric energy density.
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(a)

(b)
Figure 2: (a) shows TGA profiles showing the thermal stability of some promising battery cathode
materials in high temperature lithium batteries. As mentioned in the paper, some materials with
very high energy densities have the tradeoff of a lower thermal stability. Ref (29) (b) shows the
thermal runaway process that will occur within traditional lithium-ion batteries Ref (63)

15

1.3 Flexible Batteries
More often today than ever before, flexible electronics are becoming attractive and emerging.
Accordingly, flexible batteries are being researched for their potential applications. Flexible
batteries operate on the same principles as the usual dry batteries. In the case of a flexible
battery system, the cathode, anode, and electrolyte all are able to withstand a certain amount
of physical deformation.

Figure 3: This image shows a flexible spine-like battery powering a LED when it is considerably
twisted. Ref (30)
One study in 2018 was conducted using a relatively new approach to advancing flexible battery
technology based on the common battery chemistry, LiCoO2/Graphite. Inspired by the human
spine, the battery unit used for this study contained several rigid, less-flexible units separated by
joints that allowed maneuverability. (30) The spine-like material was tested for durability and
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conductivity measurements were taken at several different bending configurations. It was found
the material was manipulated over 10,000 times and very few conductivity losses occurred even
when the material was twisted or bent. Figure 3 demonstrates that the spine-like battery can
still powering a LED even through it is considerably twisted.
From the materials point of view, the main hurdle in the development of flexible lithium ion
batteries comes from the difficulty of creating an electrolyte material that has both good
flexibility and a high enough ionic conductivity (30). Due to their unique properties and
malleability, polymers are generally researched for flexible battery materials. In general, the
polymers selected for use in flexible batteries show viscoelastic properties. Lithiated polymer
electrolytes, like PEO-LiX, is one of the most promising materials for this area of application. The
main disadvantage of PEO-LiX systems comes from the fact that they overall have lower
conductivities than other non-flexible alternatives (31). Addition of ceramic fillers have been
attempted to fix the related issues (32).
With the currently available materials, there is a benefit tradeoff. Thin film batteries usually
have very limited in storage capacity.

1.4 Research Objective of This Thesis
Lithium ion batteries have been around for decades, and they are very likely to stay around for a
long period due to their desirable higher energy density and other properties relative to other
types of batteries. In addition to address safety concerns in traditional lithium-ion batteries, high
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temperature and flexible applications are emerging which demand electrolyte materials with
high ionic conductivity, high thermal stability, and good mechanical strength and flexibility.
In an attempt to remedy the significant drawbacks of polymer and ceramic battery electrolytes,
unique composite materials combining polymer and active ceramic electrolyte, such as lithiated
PEO in composite with LAGP, can be beneficial. At present, experimental data were scarce in
terms of the thermal and mechanical properties of PEO, lithiated PEO, and composite PEO
electrolytes. For the fundamental research and future practical application in lithium-ion
batteries, it is important to complete a systematic and thorough investigations on the thermal
and mechanical properties of PEO-based composite electrolytes over a wide range of
temperatures.
In this study, using PEO as a control, PEO-LiBF4 and PEO-LiTFSI and composited with LAGP of
various amount were studied with focus on and their thermal and mechanical characteristics.
Thermogravimetric analysis (TGA) was used to determine the decomposition curve for each
material. Differential Scanning Calorimetry (DSC) was used to determine the glass transition
temperature and melting point. Dynamic Mechanical Analysis (DMA) was used to determine the
material modulus and mechanical response of the material transitions under tensile stresses.
It is hopeful that the results achieved through this study, when combined with previously
documented electrical conductivities, may lead to the optimal combination of polymer, lithium
salt, and ceramic. and to have a better insight of constituent interactions and their impacts on
electrical, thermal and mechanical properties.
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2. Methods and Literature Review Related to This Research
2.1. Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)
2.1.1 TGA
TGA is a common method to determine the thermal decomposition point and corresponding
amount of weight loss of a material. TGA is extremely commonly used for polymers, ceramics
and composites. TGA can be used together with other methods to determine how a material will
behave at a given temperature.
Experimentally, TGA instrument ramps up the temperature at a constant rate with respect to
time. During the heating process, the instrument continuously measures the mass of the sample
as a function time and hence the temperature. as the temperature increases, the sample mass
will eventually decrease as the product begins to decompose. A purge gas continuously flows
over the sample to help remove any material that has volatilized. Generally, a purge gas is
chosen such that it is unreactive with the sample. For very specific studies, a purge gas can be
chosen that is reactive to determine how the mass of the sample changes as it oxidizes when
exposed to oxygen (33).
There are a few identifiable features that are commonly seen in the output of TGA plot, i.e.
weight or weight loss as a function of temperature. If the TGA plot with respect to the x-axis is
horizontal, the sample can be considered stable. Any vertical change in the plotlines is indicative
of a change in the sample overall mass. Depending on the composition of the sample, a loss of
mass could be from any of the following: excess water, loss of solvents or plasticizers, or loss of
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bonded functional groups. Figure 4 shows an example image of a TGA instrument and a
potential TGA output. The TGA plot shows the thermal decomposition of a polymer film. The
rapid weight loss indicates the sample begins to rapidly decompose near 350°C.Ref (60) (49)

Figure 4: An example image of a TGA instrument and a potential plot output from a polymer
film. Ref (60) (49)

TGA can help to determine how the decomposition point changes in new materials relative to
the parent material. For the case of composites, one portion of the material may decompose
more quickly than the other. It may not be the main intent of the research, but if the materials
have significantly different decomposition temperatures, TGA is one method that can also be
used to verify the potential interaction among the components in a composite material.
If an item of interest is the activation energy before a sample decomposes, there are
correlations that can be used post-TGA. By plotting the heating rate versus the decomposition
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temperature of the sample, information about the activation energy can be derived. In general,
the activation energy will increase with the thermal stability.
2.1.2 DSC
DSC primarily measures heat flows of samples upon temperature ramping up or down. From the
heat flows, useful properties of materials can be analyzed and determined. DSC has a very wide
temperature range, easy and quick sample preparation, large variability in source material
including solids and liquids, and generally fast analysis time. (34) DSC is especially useful for
polymers as there are a few different thermal transition points that can be observed. There is
also the additional benefit in that polymers generally have a fairly low range of temperatures
that must be observed. The main drawback from DSC has to do with its ability to detect very
complex phase changes. DSC uses a summing method, so if several phase changes happen
rapidly in succession, they are typically difficult to differentiate.
Experimentally, two trays are inserted into the DSC instrument at the same time. One is the
reference tray and generally will only contain air to determine a baseline reading. The material
that needs to be tested is placed in the other tray. The testing tray and the reference tray are
heated at an equal rate up to the desired temperature depending on the experiment being
performed. The heat flow is calculated based on the temperature of the pan and the amount of
energy input to the sample relative to the reference pan. The difference in the amount of heat
required is useful for detecting phase changes in the samples. Figure 5 shows a DSC instrument
and a typical DSC profile.
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Figure 5: (a) The image of a TA Instruments DSC 2500, and (b) an example plot that could be
derived from DSC analysis. Depending on the crystallinity and composition of a material,
exothermic and endothermic peaks of varying intensity could be seen.
Depending on the temperature where the phase change occurs and the magnitude of the
change in heat flow, different phenomena can be observed. In a common DSC plot, a downward
inflection point reflects an exothermic phase change. Figure 5(b) shows a DSC profile for
polymer-based materials. A small dip in the heat flow plot indicates a glass transition point (Tg).
The very large inflection point in a given plot represents a melting point (Tm). In some cases, a
cold crystallization point may be observed reflecting phase change from amorphous to
crystalline structure (Tc). The glass transition and melting process are endothermic, while the
cold crystallization is exothermic. Also depending on the event, a chemical reaction could also
result in an exothermic peak.
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Cold crystallization can arise in polymers due to a high cooling rate during manufacturing. (35). If
the cooling rate is very high relative to the overall cooling time, the material may not have time
to crystallize fully. In this case, crystallization can be observed after the glass transition
temperature when the sample undergoes a heating step. Decrease cooling rate is sufficient to
fix this phenomenon. When running DSC experiments, it may be necessary to run multiple loops
in succession like a heat-cool-heat loop. This ensures that for any given sample, the thermal
history from production is erased, and results can be more accurately analyzed and compared.
Figure 6 shows the effect of cooling rate and the thermal history on the resulting DSC curve for a
sample of pure Polyethylene terephthalate (PET). The as-received sample has a large coldcrystalline peak around 150°C even the ramping rate is 20K/min. At very high cooling rates, e.g.
50K/min, the large crystallization peak is still observed after the heating run. Several runs at low
cooling rates have eliminated the crystallization.
DSC can be a useful tool for determining its purity. In general, a higher purity material will have
peaks of a larger magnitude for each of its respective phase changes relative to a sample that is
impure. (37) A pure substance will have a phase change that is essentially uniform. This will
result in the DSC peak being linear and narrow for the melting curve. If the substance is impure
or a composite, the peak observed will be very broad, drawn out, and asymmetric, as shown in
figure 7. As far as determining the melting point, it is convention to measure from the point
where the melt begins for a pure substance. For an impure substance, to ensure consistency,
the melting point is usually taken from the maximum peak value.
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Figure 6. DSC plots at the different cooling rate and thermal history obtained from PET samples.
Ref. (64)

Figure 7: DSC profile variation showing materials with different purity. Ref (65)
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DSC can also be used to determine the crystallinity of a polymer sample. The method relies on
the information that relative to an amorphous polymer, a crystalline polymer requires more
energy to break all of its bonds and melt. (36) Essentially two forms of the material are needed
to make this crystallinity determination. One of the materials with a known, or 100% crystal
structure, and the other with an undetermined crystallinity. Using enthalpy correlations shown
below, the percent crystallinity of the unknown sample can be determined to a
reasonable amount of accuracy.

% 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 =

∆𝐻𝑚 − ∆𝐻𝑐
°
∆𝐻𝑚
× 100

∆𝐻𝑚 = 𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑀𝑒𝑙𝑡𝑖𝑛𝑔
∆𝐻𝑐 = 𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝐶𝑜𝑙𝑑 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛
°
∆𝐻𝑚
= 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑓𝑜𝑟 100% 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

2.1.3 Some Published TGA/DSC Results on Polymer Electrolytes
DSC is very useful for determining phase transformations in solids; however, DSC instruments
are not commonly built to allow sample decomposition. This is where TGA can be very useful.
The two methods can be used in conjunction to describe a complete picture of the material and
its structure from a stable temperature all the way up to the point where it is no longer
recognizable. In one case, there could an exotherm peak observed in the plot after running
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DSC. If a loss of mass is not observed from TGA, conclusions can be drawn about the nature of
the phase change, like recrystallization, glass transition, or even a melt. (38).
In relation to this project, TGA and DSC experiments performed on lithiated polymer samples
are of particularly high interest. Some published results will be presented and discussed in the
following.
Rosero et al. reported the thermal properties of PEO, CF3COONa, and a composite containing
both materials with Al2O3. Part of the research performed utilizes a TGA to compare various
concentrations of the composites. There is a small loss at 325K that corresponds to the
evaporation of excess solvent present in the samples. The decomposition of the samples is
observed in two stages. The differences in the samples are compared using the derivative of the
mass percentage with respect to the temperature. It was seen that the addition of Al2O3
decreases the decomposition rate with respect to the temperature. (39)
In a study performed by Theodosopoulos et al, PEO samples of varying molecular weight and
crystallinity are compared using variable heating rates. (40) PEO used in Theodosopoulos’ study
has a much lower molecular weight. It was determined that as the molecular weight of the
polymer increases, so does the melting point and also the degree of crystallinity. A higher
crystallinity will result in a higher thermal stability and increased enthalpy value.
Wu et al. . (41) published a paper on a PEO based polymer electrolyte film using lithium
bis(oxalate) borate, denoted as LiBOB. (41) LiBOB is similar to that of LiTFSI, in that the large
anion could directly interfere with the polymer crystallization and promote higher
conductivities. In addition to increased conductivities, LiBOB allows high thermal stability up to
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300°C. PEO of molecular weight 600,000 was synthesized and the article sets the baseline
enthalpy value of PEO at 203 Jg-1. DSC was performed on the samples ranging from pure PEO to
samples containing LiBOB and up to 24% SN plasticizer. As is consistent with other similar
studies, the more plasticizer was added, the more significant decrease in melting point and glass
transition was observed. The higher amounts of plasticizer would inhibit the formation of the
crystal phase and drive down the temperature of the thermal events. This result can be
visualized in figure 8.

Figure 8: DSC plots of PEO-LiBOB complex with varying amounts of SN plasticizer. Ref (41)
Youcef et al. reported the characteristics of a PEO-based solid polymer electrolyte comprised of
LiTFSI, with Poly(ethylene glycol) diacrylate (PEGDA) and Divinylbenzene (DVB) in a PEO matrix.
The material was found to have decent ionic conductivity and efficiency during discharge. Its
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intent was to determine the effect of cross-linking on the thermal properties of the composite.
From DSC results the melting temperature of the composite was decreased significantly as the
degree of cross-linking increased. The peak intensity was also decreased significantly leading to
the conclusion that the crystallinity had been significantly reduced. One important conclusion
from the paper had to do with the relationship between cross-linking, crystallinity and chain
mobility. As the degree of cross-linking is increased, the ability of the material to fully crystallize
is limited and the thermal properties are decreased. (42)
Zhu et al examined a PEO LiTFSI-LLTO nanowire composites. Their DSC and TGA results are
shown in Figure 9. This group observed a small loss of mass roughly 3% by weight between 50100°C, indicative of a small loss of water weight. After that point, for the PEO-LiTFSI sample,
there was a rapid loss of mass up to 460°C corresponding to the decomposition of organic
components in the composites. After the LLTO nanowires were added, the decomposition
temperature shifted closer to 500°C due to an increase in the specific heat capacity. In the end,
there was a small amount of mass leftover that corresponds to the initial mass of the
nanowires used. (43) The DSC results weren’t discussed in depth, but the findings were
summarized. After the addition of the nanowires, the values corresponding to each thermal
event decreased across the board. These included the glass transition temperature, the enthalpy
of melting, the melting temperature and the percent crystallinity. These effects are attributed to
the nanowires inhibiting the polymer crystallinity and increasing the amorphous phase content.
This was deemed to be beneficial for lithium ion mobility, but also reduces the viable
temperature window for the material.
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Figure 9: DSC and TGA results from PEO_LiTFSI w/o LLTO. Ref (43)

A paper by Piana et al. was published on the characterization of a PEO LiTFSI/LAGP composite
material, an interesting paper that strongly relates to the work done in this study. LAGP is added
in concentrations of 20, 40, and 60% and TGA, DSC, and ionic conductivity measurements were
taken as part of the characterizations. (44) Shown in figure 10(a), all of the materials are
thermally stable because they do not decompose until near 300°C at the very earliest. The
addition of LAGP does decrease the volatilization temperature of the material. As a general
trend, as the percent weight of LAGP is increased, the point at which the composite begins to
decompose is decreased. It can also be observed that there are three distinct decompositions in
the material. The first is a small loss of mass that occurs due to a small amount of residual water
that was bonded in the material. The second weight loss phase was ascribed to the thermal
degradation of the PEO matrix. The last decomposition was attributed to a degradation of the
LiTFSI salt. The residual sample weight at the end of the trial was directly proportional to the
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amount of ceramic added to the samples. The DSC portion of Piana’s study is presented in figure
10(b). An endothermic crystallization near 0°C can be observed in the samples containing LiTFSI
except for the sample with 60% LAGP content. The melting peak for all the LiTFSI samples was in
the range of 42-48°C. There was a decrease in the melting temperature after LAGP was added.
According to the authors, “The decrease of the temperature was attributed to a crystalline
phase occurring in the polymer when inorganic particles were introduced.” The addition of
ceramics usually increases the thermal resistance of the material, when the opposite was
observed in this case. Rather than thermal shielding, the large LAGP particles prevent the
intercalation and crystallization of the PEO polymers, lowering the melting temperature.

Figure 10: Thermal analysis results (a) TGA (b) DSC obtained on PEO LiTFSI LAGP composite
materials. Ref (44)
In the work by Lee et al. there were DSC measurements taken on both PEO/LiBF4/LAGP and PEO
/LiTFSI/LAGP samples. The measurements were taken using a TA instruments DSC 2010, which is
a fairly outdated machine compared to the technology available from TA today. The trials were

30

run from room temperature up to 200°C at a rate of 5°C/minute. The temperature range in this
study was limited, so the glass transition temperature could not be determined, but the melting
points were determined. In this study, it was concluded that the addition of LAGP has a
negligible impact on the LiBF4 samples. Additionally, the addition of LAGP had a slight positive
impact on the LiTFSI samples. (45)
Zhao et al. also published an interesting on a composite electrode material fabricated using PEO
LiFePO4 with varying amounts of LAGP ceramic. In the study, the LAGP particles were identified
using FESEM and sorted by grain size. The crystallinity and structure were investigated using
XRD, and the ionic conductivities of each size grouping was also measured. The LAGP ratio was
chosen for each of the samples based on the maximum recorded conductivities, and from that
point their thermal characteristics could be compared. The highest recorded conductivity was
found in the sample with the smallest LAGP particle size, and it was determined that the larger
LAGP particles reduced the number of ionic transport pathways. From the DSC portion of the
study (see figure 11), it was found that the incorporation of LAGP can lead to lower glass
transition temperatures and melting temperatures of the polymer. The reasoning for this result
was attributed to suppressed polymer crystallization and increased the amorphous range in the
presence of LAGP particles. The smallest LAGP particles most efficiently prevent dense packing
of the PEO, and therefore decrease the melting point and glass transition the most. A few tensile
tests are also performed, and it is worth mentioning that the addition of LAGP greatly increases
the mechanical properties when subject to a stress strain test. (46) From the stress vs strain plot
in the paper (see figure 11(b), the yield strength increases from 0.3 MPa without the addition of
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LAGP to near 0.6 MPa once LAGP is added. From that point, both samples show similar strain
softening, but the LAGP sample yields near 80% strain, and the PEO sample yields near 140%
strain. The paper does not specify a reason for this, but it is possible that the addition of LAGP
decreases the crystallinity of the sample and allows for a quicker yield.

(a)

(b)

Figure 11: (a) DSC plot for the study performed by Zhao et al. It demonstrates the shifting of
thermal events based on the particle size of LAGP powder added to PEO samples. (b) is a simple
stress vs strain tensile test to show how the addition of LAGP impacts the mechanical properties
of PEO. Ref (46)

2.2 Transient Thermomechanical Analysis (TMA) and Dynamic Mechanical Analysis (DMA)
Using a DMA instrument, transient and dynamic thermomechanical analyses can be operated. In
the transient test, a static stress or strain can be applied to the sample as the temperature is
increased. Traditional tensile-test or creep test can also be performed at each temperature in
the transient mode. For DMA, the stress applied is dynamic in an alternating frequency. Based

32

on how the experiment is run, variables related to stress, strain, time, or temperature can be
determined and analyzed.

(a)

(b)

Figure 12: (a) a plot from a static experiment. The testing samples, Celgard porous membranes,
were loaded to a constant force and the instrument measures the strain as the temperature
increases. Ref (48) ; (b) an example of a dynamic test mode. The elastic response of the material
due to an oscillating frequency is measured versus the temperature.
Figure 12 (a) shows a resulting plot of a polymer membrane from a static experiment. The
samples are loaded to a constant force and the instrument measures the expanding of the
sample as the temperature increases. Figure 12 (b) is an example of a dynamic test mode. The
storage modulus and damping factor of the material at an oscillating frequency is measured
versus the temperature.
2.2.1 Transient Thermomechanical Analysis (TMA)
Static tests are very useful for determining stress-strain properties of a material, among which
Young’s Modulus is the key important. During a TMA test, the sample is held in a tension clamp.
For traditional tensile test at a present temperature, constant strain rate is applied, while both
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stress and strain on the sample are measured upon stretching. From the resulting stress-strain
plot, the elastic modulus can be determined by taking the slope in the initial linear portion of
the plot. The following equations show basic relationship between sample dimension,
deformation, applied force and the modulus, where GF is a geometric factor based on the
dimensions of the material being tested and the type of clamp used for the non-tensile testing.
𝑆𝑡𝑟𝑎𝑖𝑛 =

𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (𝑚)
𝐿𝑒𝑛𝑔𝑡ℎ (𝑚)

𝑆𝑡𝑟𝑒𝑠𝑠 (𝑃𝑎) =

𝑀𝑜𝑑𝑢𝑙𝑢𝑠 (𝑃𝑎) =

𝐺𝐹𝐹𝑖𝑙𝑚 =

𝐹𝑜𝑟𝑐𝑒 (𝑁)
𝐴𝑟𝑒𝑎 (𝑚2 )
𝑆𝑡𝑟𝑒𝑠𝑠 (𝑃𝑎)
𝑆𝑡𝑟𝑎𝑖𝑛

𝑙𝑒𝑛𝑔𝑡ℎ (𝑚)
𝑙𝑒𝑛𝑔𝑡ℎ (𝑚)
=
𝑤𝑖𝑑𝑡ℎ(𝑚) × 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠(𝑚) 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎(𝑚2 )

𝑀𝑜𝑑𝑢𝑙𝑢𝑠 (𝑃𝑎)𝑓𝑖𝑙𝑚 =

𝑆𝑡𝑟𝑒𝑠𝑠 (𝑃𝑎) 𝐹𝑜𝑟𝑐𝑒 (𝑁) ∗ 𝐺𝐹𝐹𝑖𝑙𝑚 (𝑚−1 )
=
𝑆𝑡𝑟𝑎𝑖𝑛
𝑑𝑒𝑓𝑜𝑟𝑎𝑚𝑡𝑖𝑜𝑛(𝑚)

Static strain tests are also useful for determining transitions in a sample, though they are usually
destructive for the sample. By measuring the deformation and stiffness versus the temperature
for a constant stress, weak transitions and crystallizations in a sample can be observed. By
plotting the modulus of the material versus the temperature where it is measured, glass
transitions, crystallizations, and any other transition in the material can be observed.
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2.2.2 Dynamic Mechanical Analysis (DMA)
In DMA measurement, the stress is usually sent in a sinusoidal pattern at frequencies, and the
resulting strain on the sample is measured. Experimentally, the sample is held in a tension clamp
with a very small, constant preload force being applied. This preload force keeps the
sample properly tensioned for the entire frequency run. From there, there are several external
stimuli that can be applied to the sample. The first is a temperature change at a constant rate
with respect to time. The second stimulus is a predefined amount of stress applied to the
sample at a predetermined time interval. The third is the oscillation frequency.
When a dynamic stress is applied with angular frequency , and the strain lags behind with a
phase lag of , or vice versa. The stress and strain as a function of time follow the equations
below: (66)

𝑠𝑡𝑟𝑒𝑠𝑠: 𝜎 = 𝜎0 sin(𝑡𝜔 + 𝛿);
𝑠𝑡𝑟𝑎𝑖𝑛: 𝜀 = 𝜀0 sin(𝑡𝜔)
Mathematically, the relationship can be converted into complex expression:
𝑐𝑜𝑚𝑝𝑙𝑒𝑥 𝑠𝑡𝑟𝑒𝑠𝑠:  ∗ = 𝜎0 sin(𝑡𝜔)(𝑐𝑜𝑠 𝛿 + 𝑖 sin 𝛿)
𝑐𝑜𝑚𝑝𝑙𝑒𝑥 𝑚𝑜𝑑𝑢𝑙𝑢𝑠: 𝐸 ∗ = 𝐸 ′ + 𝑖𝐸"
𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑀𝑜𝑑𝑢𝑙𝑢𝑠: 𝐸 ′ =
𝐿𝑜𝑠𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠: 𝐸 ′′ =

𝜎0
𝜀0

𝜀0

𝑠𝑖𝑛𝛿

𝑃ℎ𝑎𝑠𝑒 𝐴𝑛𝑔𝑙𝑒: 𝛿 = tan−1
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𝜎0

𝐸′′
𝐸′

𝑐𝑜𝑠𝛿

For a perfectly elastic material, the two resulting sine waves will be perfectly in phase when  =
0. In the case of a perfectly viscous material, the two sine curves will be exactly out of phase and
hence  = 90. Its maximum deformation occurs exactly at the end of the applied force. This is
caused by the entirety of the applied force being absorbed by the sample and converted to
heat. For a viscoelastic material like most polymers, there will be some sort of lag resulting from
the material absorbing some of the applied force, but also relaxing back to its original
position before the next stress is applied. The storage modulus is essentially interchangeable
with the term elastic modulus and measures the elasticity of the sample. The higher the storage
modulus, the greater ability of the material to store energy. The loss modulus is also
interchangeable with the term viscous modulus, quantifying the ability of the material to
dissipate energy which is lost as heat. The tan is called damping factor.

Figure 13: storage modulus, loss modulus and loss factor changing with temperature obtained
from DMA test on polycarbonate . Ref (66)
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Adding in the temperature ramp element, it is useful to see the viscoelastic properties of the
given material at a wide range of temperatures. Figure 13 shows the storage modulus, loss
modulus and tanδ changing as a function of temperature. For a viscoelastic material, there will
be very noticeable changes in the tanδ plot whenever a phase change occurs.
2.2.3 Some Published DMA Results on Polymers
While performing DMA tests, some factors need to be considered, such as the temperature
ramping rate and temperature effect. This can be easily visualized in the paper by Yan et al. (48).
In this study, three Celgard separator films are tested at temperature ramps ranging from 315°C/min. There was a significant difference observed at the rate of 3-5°C/min, but beyond that
the effects were diminishing (48). This may be concerned for a sample with a very narrow glass
transition window or for a very slight phase change. In the case where the phase change
happens over a very narrow range, some thermal lag can be observed, resulting in the measured
phase change values shifted in the positive temperature direction at high rate. In the case of a
narrow phase change, the small slope change in the plot may be missed or couldn’t be verified
due to the amount of assumed error. The Yan’s paper also addresses thermal shrinking and
expansion due to temperature. For reasonable temperature changes, the expansion of the
tension fixture is negligible, and thus the strain effect on the sample is also negligible. (48) The
temperature effects are highly dependent on the sample type and the rate at which the
temperature is ramped. The difference in strain is only a few percentage points different, but
the expansion of samples could introduce an amount of error into the results.
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Figure 14: tanδ changes with temperature for three different kinds of PVC samples Ref (47)
Perera (47) performed DMA analysis on a PVC based sample. Several important characteristics
of the PVC material are derived from the DMA plots. For instance, shown in figure 14,
largest rate of change in the tanδ plot occurs when the material undergoes its glass transition.
The DMA plot is also used to compare different blends to see how the material properties differ
in terms of the maximum value of the tanδ. It lays out that the higher the difference the values,
the more energy can be stored in the material rather that dissipated through molecular
movement, and therefore, the lower the molecular mobility of the material.
Didenko et al studied two copolymer samples, one with only a single repeat unit long, and the
other consisting of five repeat units. (49) The paper uses TGA, DSC, and DMA (see figure 15) to
make comparisons between differing copolymer lengths relating to Urethane-Imide blocks. The
DSC plots were used to determine the glass transition temperatures and to estimate the
crystallinity of the material. For the materials tested, there is a significant glass transition near 32°C. Two other features can be seen in the DSC with crystalline transitions at 49°C and 289°C. It

38

is interesting to note that after a cooling cycle, most of the thermal events are not present in the
second scan. This is attributed to the sample being prevented from recrystallizing during the
cooling cycle. The DMA figures determined the material mechanical response to temperature. In
the paper, the only feature noted is the plateau region near 40°C that denotes a rubbery region.

Figure 12: (a) TGA (b) DSC and (c) DMA of two co-polymers with different length of the UrethaneImide blocks. Ref (49)
Derbali et al. used DMA in addition to TGA, DSC, and XRD as a portion of its analysis on
composite polymer electrolytes using TiO2. (51) The materials discussed are mainly membranes
used for ion exchange in fuel cells, but it is also mentioned that they have potential applications
for redox flow batteries, ion batteries, and water purification. The material chosen were
polysulfone with grafted 1,4-diazabicyclo [2.2.2]octane (PSU-DABCO), then in subsequent trials
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Tri(hydroxymethyl)propane (TMP) was used for hydrophilic and polymethyl-hydrosiloxane
(PMHS) for hydrophobic surface functionalization. Essentially the effects of the TiO2 fillers, used
to dictate the surface interactions, on the thermal properties of the material are considered.
The tension experiments were performed at a frequency of 1 Hz and performed a constant
displacement of 10 µm to determine the temperature dependence of several variables. The
temperature rate was set at 3°C per minute. The measured variables include the storage
modulus, loss modulus, loss tangent, and the relaxation temperature.

Figure 16: DMA experiments performed at 1Hz with 10µm displacement with the colors
differentiating the functional groups on the material. (a) corresponds to the storage modulus
and tanδ (b) corresponds to the storage modulus and loss modulus. Ref (51)
In figure 16(a) the peak at around 250 °C is associated with a glass transition followed by a
recrystallization in the material. Seen in figure 16(b), there is a small relaxation near 130°C by
looking at the loss modulus curve. This relaxation is observed in all the samples leading to the
conclusion that it comes from the polymer portion of the material. Furthermore, the small
magnitude of the relaxation curve insists that it is happening due to a secondary effect involving
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side groups of the polymer chains. The paper does also mention a crystallization near 250°C
which can be seen in the spikes of the tanδ and the loss modulus in figure 16.
Yunis et al. used TGA, DSC, and DMA, in addition to NMR and other spectroscopic methods, to
analyze PDADMA polymer doped with lithium salts (see figure 17). (50) The objective of the
study was to compare the properties of materials with differing salts and differing salt
concentrations. The DMA was used only to determine a glass transition temperature of the
material that could not be observed using the DSC data. Using the peak of the tan delta
obtained from the DMA data a glass transition for the FSI sample can be determined from the
transition at 121°C.

Figure 17: A combination of the TGA (left), DSC (right) and DMA (right, inset) to determine
thermal characteristics of PDADMA polymer doped with lithium salts. Ref (50)

Up to date, there are lack of DMA results published in the polymer electrolytes for lithium-ion
batteries and almost zero in the lithiated PEO-based composite electrolytes.
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3. Materials and Experimental Methods Used in This Study

In the previous studies, it was observed that the addition of LAGP in the amount of 20-60wt%
decreased the ionic conductivity of the polymers, (45). The research in this study is focused on
the thermal and mechanical properties using TGA, DSC and DMA in order to determine how
these properties are affected by the type lithium salt and LAGP fillers. It is hopeful to
understand how the thermal mechanical characteristics correlate with ionic conduction
behaviors and if they are suitable for high temperature and flexible lithium-ion batteries.

3.1 Materials
In this study, pure PEO, lithiated PEO, and lithiated PEO with LAGP membranes were used.
All the membranes were prepared by previous member in our group (45). For completion and
convenience of discussion, the sources, composition and preparation of related materials are
included here.
3.1.1 PEO (Polyethylene Oxide)
Polyethylene Oxide (PEO) has high water solubility, ease of production, high availability, and low
cost (52), all of which aid in its popularity in industry. PEO also has the ability to solvate high
amounts of ionic salts, useful as electrolyte membrane matrix (53). PEO is an especially
promising candidate for flexible battery studies mostly due to these physical properties. PEO
used in this study is from Sigma-Aldrich at a molecular weight of 400,000.
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3.1.2 Lithium Salts: LiBF4 (Lithium Tetrafluoroborate) and LiTFSI (LiC2F6NO4S2)
Pure PEO has a limited ionic conductivity, due to the presence of trace impurity, on the order of
10-10 S cm-1 (53). Addition of ionic salts greatly increases the ionic conductivity of PEO based
membrane. According to Long et al, “A PEO matrix dissolves lithium salts by coordination
between the lithium ions and the ether oxygens in the polymer chains.” (54).
Many commonly tested salts in polymeric electrolytes for Li-ion batteries include LiTFSI, LiPF6,
LiBF4, and LiClO4. In this study, LiTFSI and LiBF4 are selected. Both are purchased from SigmaAldrich without further treatment. PEO-LITFSI systems have high ionic mobility at moderate
LITFSI concentrations when compared to other salts, which also increases its viability for this
study. (55) LiBF4 is a material chosen for this study for several reasons. LiBF4 is easily acquired
and fairly inexpensive. There is a tradeoff in the conductivity, but it is likely worthy for the
improved physical properties such as high thermal tolerance and high tolerance for moisture
when considered to other options such as LiPF6.
3.1.3

PEO/Li-Salt/LAGP composite electrolyte

According to Weiss et al, LAGP is a family of LiSICON/NASICON strucuture, which gives the
material high ionic conductivities (56) and an overall conductivity on the order of 10-4 S/cm at
room temperature (57). Researchers at UDRI, UES, and AFRL collaborated on a project to coat
PEO electrolyte membrane with LAGP. The resulting membrane would be useful for a battery
separator by show potential high mechanical strength, good stability, improved safety, and high
ionic conductivity. (58) Therefore, it is important to determine how the LAGP powders adding
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into lithiated PEO electrolyte membrane impacts the mechanical and thermal properties of the
polymer, and its tradeoffs with overall conductivity.
The LAGP (Li1.4Al0.4Ge1.6(PO4)3) powders used in this study were synthesized using the following
stoichiometric ratios. Detailed synthesis process, the structure and ionic conductivities are
characterized by Lee et al. (45) The composite polymer electrolyte membranes were fabricated
by Lee in our previous studies. (45)The nomenclature of the samples used in this study and the
corresponding the weight percentage ratio of LAGP to PEO that is contained in each sample are
listed in Table 1. In the PEO-LiBF4 series, the ratio of EO to Li is fixed at 7.9876; while in the PEOLiTFSI series, the ratio of EO to Li is fixed at 20.0465.
Table 1. The weight percentage of each component in the samples formulated in this study.

Sample
Weight % LAGP Weight % PEO Weight % LiBF4
PEO LiBF4
0.00%
78.95%
21.05%
PEO LiBF4 LAGP20
16.48%
65.93%
17.58%
PEO LiBF4 LAGP30
25.28%
58.99%
15.73%
PEO LiBF4 LAGP40
34.48%
51.72%
13.79%
PEO LiBF4 LAGP50
44.12%
44.12%
11.76%
PEO LiBF4 LAGP60
54.22%
36.14%
9.64%
Sample
Weight % LAGP Weight % PEO Weight % LiTFSI
PEO LiTFSI
0.00%
75.45%
24.55%
PEO LiTFSI LAGP20
15.87%
63.48%
20.65%
PEO LiTFSI LAGP30
24.44%
57.02%
18.55%
PEO LiTFSI LAGP50
43.00%
43.00%
13.99%
PEO LiTFSI LAGP60
53.09%
35.39%
11.51%

44

3.2 Thermal Mechanical Testing Experimental Aspects
3.2 1. TGA
All of the TGA samples were analyzed using the TA Instrument TGA Q5000. A few preliminary
tests were performed to determine what an appropriate temperature range was for each of the
experiments. Some samples showed a small mass change near 100°C that should be included in
the tests. The sintering temperature of LAGP is roughly 800°C, with the actual melting
temperature being much higher above that. Excluding the LAGP portion, the other components
were almost completely decomposed below 500°C. Hence the TGA temperature range is set
from room temperature to 500°C
For the actual testing, the samples were loaded into open platinum pans. Prior to sample
loading, each sample was set into the instrument and tared to ensure each pan had a good
sample baseline. From there, the pans were removed, and the samples were added. The
samples massed between 4 and 20 mg and the mass of each sample was recorded. Because the
measurement is taken as a percentage of the initial weight, the mass of the sample is not
incredibly important. However, too much or too less mass of the materials may result in larger
error depending on heating rate and mass loss rate.
After the samples were added to the instrument, an autoloader would run each sample
sequentially. A value of 20°C/min for the temperature ramp rate was determined to be a
reasonable value. The balance purge gas selected was nitrogen run at 10 ft/min and the sample
purge flow rate was 25 ft/min.
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3.2.2

DSC

All of the measurements were taken on a DSC 2500 manufactured by TA Instruments. Regular
Tzero® pans were used. For best results, it is important that each pan and lid combination had a
tolerance of or less than 0.2mg with respect to the reference pan. Samples were prepared and
weighed using specifications provided by TA. The weight of the sample is in the range of 5mg to
20mg. Because the DSC results are compared on a per mass basis, the mass of each polymer
sample was not critical to results. More important than the mass was the contact of each
sample with the pan. Ideally, the sample would have solid flat contact with both the top lid
section and the bottom of the pan. With all of the samples loaded into pans, they were fed into
the DSC instrument. The DSC requires the position, mass of each pan + lid combination, and the
mass of each sample, for each run performed. From that point, the DSC will perform analysis
based on the specifications provided.
From prior studies and literature review, glass transition temperatures and melting points to be
determined will be covered within the temperatures from –90°C to 120°C. The DSC runs five
loops within the preset temperature range to get additional data for each sample and ensure
consistency. Once the runs are complete for each individual sample, the autoloader will keep
the reference, load the next sample, and begin to take measurements again.
DSC measures the amount of energy required to change the temperature. In the case of an
endothermic event such as a glass transition or a melting, there will be a decrease in the heat
flow due to the sample requiring additional energy for the phase transition. In the case of an
exothermic event such as a crystallization or freezing, there will be a relative increase in heat

46

flow due to the sample releasing energy during its phase change. The DSC outputs plots where
these values can be normalized by mass, and the heat flow relative to the reference pan can be
used to easily see the temperatures at which phase changes occur.
3.2.3

TGA and DSC Data Analyses

The TA Trios software was used to analyze the results obtained from the TGA and DSC. For this
analysis it is important to determine the evaporation and decomposition temperatures, glass
transition, onset and the peak at which the melting point occurs. These are useful values for
knowing how the material will behave if it were to be exposed to temperatures at the extremes
of its limits.
Trios software is backed up by several literature sources and uses a conventional method of
determining quantitative data for thermal events. The glass transition is analyzed and the halfheight of the transition is determined and reported. Because the melt happens over a very large
span, both the onset and peak temperatures are reported. The area under the melting curve can
be calculated and used for enthalpy comparisons.
3.2.4

DMA

All the DMA data were collected using a TA Instruments machines. Most of the creep data,
stress strain data, and most of the frequency data was collected on a DMA Q850. The rest of the
data was collected on a TA Discovery HR-3, and a small amount on a TA DMA Q800. Different
modes were tested on the membrane samples which will be elaborated in Chapter 5.
Experimentally, the polymer membrane was cut into rectangular strips to fill into the sample
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clamp used in the DMA (As long as they fit into the tension clamps well, consistent dimensions
were not critical as they were normalized). Prior to testing, each sample dimension (width and
height) was measured using a caliper to the accuracy of .01mm. The thickness of the membrane
is taken as 60 m according to Lee. (45)Because the materials used were sticky, and attempted
to fold over themselves frequently, a small aluminum strip was also added to two ends of each
sample prior to the test. This drastically decreased the difficulty of loading the samples into the
tension clamps, and also helped keep the structural integrity of the samples for storage.
Based on the dimensions of the sample, the amount of deformation, and the temperature inside
the furnace, several different properties of the material can be determined. These properties
include the stress/strain correlations, elastic modulus, yielding strength, hardening modulus,
stress/strain correlations, storage modulus, loss modulus, damping factor, etc.
The results from these tests can be compared to determine how the varying amounts of LAGP or
type of lithium salt impact the mechanical properties of the samples. The results can also be
used to make inferences about how the samples would behave under stresses if they were to be
implemented into flexible battery systems.
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4. Results and Discussion: TGA and DSC
4.1 TGA
This study is to determine how the samples would decompose under extreme temperatures and
how the lithiated compounds and the amount of LAGP impact the decomposition behaviors. In
consideration of the mechanism of decomposition, it is anticipated that the PEO portion in the
polymer membranes and lithium salts will decompose. The LAGP will be left over as it has a
sintering temperature above 800°C. The endpoint can be easily seen as there is a plateau at the
end of each test that corresponds to the amount of LAGP present.
The important artifacts from the TGA profiles are temperature and the amount of materials loss
for each thermal decomposition mechanism. The TGA results of PEO-LiBF4/LAGP series and PEOLiTFSi/LAGP series are shown in figure 18 (a) and (b). The plots superimpose all together so that
they may be better compared. The derivative plots of these two series samples are shown in
figure 19, from which the transition point can be readily determined.
4.1.1 Pure PEO Decomposition – The Baseline
Reported from literature sources, PEO on its own decomposes in the temperature range of 360
°C to 425 oC depending on the molecular weight and ramping rate (61) (62). Figure 20 shows the
TGA profile of PEO reported in (61) . Seen in figures 18 and 19, pure PEO used in this study
decomposes in a single peak and is completely volatilized over a very narrow temperature
range. It can be seen that the weight change begins near 300°C, and is completed very quickly
with only residual mass left by 350°C The total loss around 98 wt % suggests complete
decomposition. The 2wt% residual is the carbon ash that remained in the pan. The peak
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temperature is determined at 411.81°C. Clearly, this result is consistent with literature, and
helps validate the method and analysis.

(a)

(b)
Figure 38: The normal TGA profiles obtained from (a) every electrolyte membrane sample
containing LiBF4; (b) every electrolyte membrane sample containing LiTFSI. For comparison, pure
PEO plot is included. All the tested obtained at a heating rate of 20°C/minute.
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(a)

(g)

(b)

(h)

(c)

(i)

(d)

(j)

(e)

(k)

(f)

(l)

Figure 19: The individual TGA plot including the normal and derivative for each sample.
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Figure 20: Previously published TGA profiles of PEO and PVDF and their mixture. Note the
molecular weight of PEO is 1e6. Ref (61)
4.1.2 Electrolyte Membranes - General Qualitative Trend
In the electrolyte membrane samples, seen in figures 18 and 19, there appears to be three
distinguishable decomposition stages depending on the composite electrolyte material being
analyzed. An initial small amount of weight loss occurs in the temperature range of 80-150oC.
The major weight loss step occurs after 250oC. PEO/LiTFSI/LAGP 50 and PEO/LiTFSI/LAGP 60
showed only one decomposition stage after 250oC. All other samples have two different weight
loss rates, i.e. a rapid loss within a narrow temperature range followed by a secondary process
at different slope. The amount of weight loss, transition temperature, and the decomposition
rate appear to be dependent on membrane compositions. When the temperature exceeds
450oC, the weight remains constant at a long plateau.
4.1.3 Electrolyte Membranes - Detailed Quantitative Analysis
4.1.3.1 The Residual Weight Portion
It is known from the literature review that pure LiBF4, LiTFSI and PEO will experience
decomposition around 280°C, 420 °C, and 380 °C respectively, while LAGP is stable beyond 1000
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°C. Hence, at temperatures above 450 °C, all organic and lithium salt components will have
decomposed while LAGP remains. This results in a horizontal portion in the graph, so the
endpoint in the TGA profiles can be easily determined. Seen in table 2, the residual weight
percentage at 500oC agrees with the LAGP content recorded in the membrane fabrication. A
reasonable amount of error is set at  5 wt% in consideration of the PEO ashes, and residual
material from Li-salt decomposition. This is an easy check of the composition of each sample
and also confirms the relative homogeneity and consistency of the composites prepared. (45)
Table 2. Weight percentage of the residues after heating up to 500oC, which correspond to the
amount of LAGP in the composite membrane.
Sample

LAGP (wt%) in preparation

Residual weight (wt%) at 500°C

PEO

0

2.3

PEO/LiBF4

0

5.3

PEO/LiBF4/LAGP20

16.5

20.8

PEO/LiBF4/LAGP30

25.3

26.6

PEO/LiBF4/LAGP50

44.1

45.4

PEO/LiBF4/LAGP60

56.1

53.4

PEO/LiTFSI

0

5.3

PEO/ LiTFSI /LAGP20

15.9

18.7

PEO/ LiTFSI /LAGP30

24.4

26.5

PEO/ LiTFSI /LAGP50

44.1

40.7

PEO/ LiTFSI /LAGP60

56.1

51.1

4.1.3.2 The First Stage Weight Loss
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Since the first stage weight loss occurs in the vicinity of 100°C for all the electrolyte membranes,
this amount of weight is likely representative of excess acetonitrile solvent and absorbed water.
It is critical to note that all the samples during this study were exposed to atmosphere for an
extended period, which would result in the adsorption of moisture. Additionally, during the
fabrication of the composite membranes, the salts and PEO were dissolved in 15ml acetonitrile
before the membrane casting. Some of the solvent may not have completely evaporated during
the drying process and hence, may exist in the membrane after the ambient drying process.
Table 3 lists the total weight loss percentage in the temperature range of 25°C to 150°C, which is
seen in the range of 2.5 to 9.8 wt%. Among all the electrolyte membranes, PEO/LiBF4 has the
highest weight loss suggesting the most solvent retention and/or moisture absorption. Adding
ceramic particles in the LiBF4 series, the solvent and moisture amount is in the reducing trend. In
contrast, adding ceramic particles more than 50wt% LAGP into PEO/LiTFSI series significantly
increase the amount of remaining solvent and absorbing moisture.
The boiling point of acetonitrile is 82oC, close to water. When it is associated with a lithium salt,
the evaporation temperature may increase. In an attempt to differentiate the contributions
from solvent and water, the weight loss percentage is divided in three temperature ranges, i.e.
25 - 85°C, 85 - 105°C and 105 - 150°C, assuming each correspond to free solvent residual, free
absorbed water, and solvent or water bonded to the components in the electrolytes,
respectively. Table 3 listed the weight loss percentage in each range in addition to the entire
region. Pure PEO appears to have much less organic residue and water absorption. For the
electrolyte membrane, there is about 1-2 wt% of free organic residual, 1-2 wt% of free water
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adsorption. Comparing the two series electrolyte samples, it appears that PEO/LiBF4 has more
mass loss in the 85 - 105°C than PEO/LiTFSI, suggesting the former is more sensitive to moisture.
Further, the LiBF4 series have more weight loss in the range of 105-150°C, which may suggest
some strong interactions between the solvent or water with LiBF4. Adding LAGP may reduce the
interaction resulting in less weight loss in the 105-150°C portion. This is backed up by a gradual
decrease from 5.80wt% to 1.00 wt%. In the LiTFSi series, there is no clear trend observed in
correlation with LAGP content. When LAGP is more than 50wt%, all three weight loss ranges are
higher than those with less LAGP.

Table 3. Weight loss percentage upon heating up to 150oC in the electrolyte membranes.
Weight loss (%) at each range

25-85°C

85-105°C

105-150°C

25-150°C

PEO

0.21

0.11

0.18

0.50

PEO/LiBF4

1.78

2.22

5.80

9.80

PEO/LiBF4/LAGP20

1.85

1.55

3.62

7.02

PEO/LiBF4/LAGP30

1.20

1.10

3.20

5.40

PEO/LiBF4/LAGP50

1.86

1.54

2.10

5.50

PEO/LiBF4/LAGP60

1.30

1.20

1.00

3.50

PEO/LiTFSI

1.21

0.79

1.60

3.60

PEO/ LiTFSI /LAGP20

1.73

0.71

1.54

2.90

PEO/ LiTFSI /LAGP30

0.70

0.75

1.00

2.46

PEO/ LiTFSI /LAGP50

1.70

1.70

2.47

5.87

PEO/ LiTFSI /LAGP60

2.76

1.76

2.63

7.03
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4.1.3.3 The Major Weight Loss – The Second and The Third Stages
Seen in figures 18 and 19, major decomposition occurs in the temperature range of 250 – 450°C
beginning with the onset temperature around 250°C for all the electrolyte samples. Two
different characteristic weight loss behaviors, hereby referred to as stage 2 and stage 3, can be
seen in majority of the samples. The second stage decomposition is observed in all of the
samples including the PEO control. The temperature varies with the composition of the sample.
It is reasonable to assume that this corresponds to the decomposition of the PEO portion in the
electrolyte samples. Above 300°C, different characteristics can be seen depending on the
samples. In some samples the stage 2 results in a plateau and remains that way for the
remainder of the temperature range. This result can be seen especially in PEO/LiTFSI/LAGP50
and PEO/LiTFSI/LAGP60. In the majority of the samples, the third decomposition occurs. The
stage 3 decomposition is small but broad relative to the second stage, and also varies in width
and position based on the sample. It is commonly reported the third stage may include
decomposition of lithium salt and associated PEO with Li-salt.
In order to quantify and determine the stage characteristics, based on the slope transition, the
weight loss and rate as well as peak temperature at each stage were determined with the help
of software. The peak position is determined from the derivative TGA plot. The results are
summarized in Tables 4 and 5.
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Table 4: The weight loss, peak temperature, and weight loss rate (%/°C) of all the specimens
occurred in the temperature range of 250 – 450°C.
Sample
PEO

PEO
(wt%)
100

Li-Salt
(wt%)
0

Stage 2
loss
Rate
96.2 2.5

Stage 3
loss
Rate

T (°C)
411.8

PEO/LiBF4

78.9

21.1

50.2

1.03

316.8 26.1

0.285

387

PEO/LiBF4/LAGP20

65.9

17.6

46.3

1.01

340.9 21.3

1.98

370.9

PEO/LiBF4/LAGP30

59.0

15.7

42.4

0.95

341.1 20.6

1.95

355.6

PEO/LiBF4/LAGP50

44.1

11.8

29.4

0.45

N/A

18.1

1.43

354.6

PEO/LiBF4/LAGP60
PEO/LiTFSI

36.1
75.5

9.6
24.5

26.7
72.2

0.47
1.76

299
13.9
422.9 18.1

0.85
0.64

339.4
466.6

PEO/ LiTFSI /LAGP20
PEO/ LiTFSI /LAGP30

63.5
57.0

20.7
18.5

58.0
52.3

1.56
1.43

313.3 20.0
308.1 16.2

0.22
0.098

436.9
418.8

PEO/ LiTFSI /LAGP50
PEO/ LiTFSI /LAGP60

43.0
35.4

14.0
11.5

45.6
38.4

1.10
0.72

293.2
292.9

T (°C)

Table 5. The nominal Li-salt over PEO ratio in the samples in comparison with the experimental
ratio of stage 3 over stage 2 obtained from TGA results.
Sample
PEO

Nominal (wt%)
PEO
Li-Salt
100
0

Li-salt/PEO
0

Experimental (wt%)
Stage-2
Stage-3
96.2
0

Ratio
0

PEO/LiBF4

78.9

21.1

0.267

50.2

26.1

0.520

PEO/LiBF4/LAGP20

65.9

17.6

0.267

46.3

21.3

0.460

PEO/LiBF4/LAGP30

59.0

15.7

0.266

42.4

20.6

0.486

PEO/LiBF4/LAGP50

44.1

11.8

0.267

29.4

18.1

0.616

PEO/LiBF4/LAGP60
PEO/LiTFSI

36.1
75.5

9.6
24.5

0.266
0.325

26.7
72.2

13.9
18.1

0.520
0.250

PEO/ LiTFSI /LAGP20
PEO/ LiTFSI /LAGP30

63.5
57.0

20.7
18.5

0.326
0.325

58.0
52.3

20.0
16.2

0.344
0.309

PEO/ LiTFSI /LAGP50
PEO/ LiTFSI /LAGP60

43.0
35.4

14.0
11.5

0.325
0.325

45.6
38.4

0

0
0

57

In the LiBF4 based electrolytes, based on the relative amount of the mass shown in Table 4, it is
reasonable to attribute the weight loss in the stage 2 to the decomposition of free PEO. For pure
PEO/LiBF4, this occurrence temperature is at 316.8°C, which is lower than pure PEO. This result
suggests the presence of LiBF4 accelerates free PEO decomposition. Seen in Table 5, the mass
ratio obtained in the stage 3 over stage 2 is 0.520, which is much higher than the nominal value.
According to literatures, the third stage weight loss reflects the decomposition of both lithium
salt and remaining PEO associated with it. The results corroborated well with this fact,
confirming the interaction between PEO and LiBF4.
In the PEO/LiBF4/LAGP series, one identifiable characteristic is that all of the samples have a
similar onset temperature around 275°C. Although adding LAGP does not affect the onset
decomposition of pure PEO, the peak decomposition temperature is slightly increased by 10 to
20°C and the decomposition rate is gradually reduced. This suggests that the addition of LAGP
can slightly improve the thermal stability of free PEO in the PEO/LiBF4 electrolyte. However, the
stage 3 peak temperature reduces from 425°C to 340°C, which is close to free PEO
decomposition. This indicates LAGP has negative impacts on the thermal stability of LiBF4 and
associated PEO. The reduced decomposition temperature and the increased decomposition rate
in stage-3 are attributed to the catalytic effect of LAGP which may weaken the interaction the
association between lithium salt and PEO. From Table 5, it appears that the PEO associated with
lithium salt over the free PEO altered insignificantly due to the presence of LAGP.
The thermal decomposition behaviors of the PEO/LiTFSI/LAGP series exhibit different from
PEO/LiBF4/LAGP series. For PEO/LiTFSI, the stage 2 decomposition onset occurs at 392°C and
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transitions to stage 3 at 440°C. The stage 3 decomposition peak is at 466.6oC. Figure 21 shows
the published TGA results of electrolyte containing LiTFSI. Based on the mass loss values in each
stage and the previous results, it is concluded that stage 2 is dominant by PEO decomposition,
and stage 3 corresponds to LiTFSI decomposition in this series. This is consistent with literatures
(see figure 21), the PEO in the PEO/LiTFSI system decomposed at 360°C, while LiTFSI
decomposition temperature is 380-460°C.

(a)

(b)

(c)

Figure 21: Published TGA results on some electrolytes containing LiTFSI . Ref (63)

It is interesting to note that adding LiTFSI into PEO increased the stage 2 peak temperature to
422.9°C. The increase of the stage 2 peak temperature may reflect interaction between PEO and
LiTFSI resulting in the increased PEO thermal stability and decreased TFSI stability.
Seen in Tables 4 and 5, adding LAGP into PEO/LiTFSI system appears to significantly reduce the
interaction between PEO and LiTFSI and their thermal stabilities. As a consequence, the stage 2
decomposition temperature decreased to the vicinity of 300°C. The more LAGP content, the
lower the decomposition temperature. When LAGP content is greater than 30wt%, free LiTFSI
decomposition is also accelerated resulting the stage 3 decomposition became
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indistinguishable. This result again agrees with the hypothesis that TFSI thermal stability is
significantly reduced in the presence of LAGP.

In sum, based on the TGA analyses, there is some solvent residue and absorbed moisture in the
electrolyte membranes. The PEO/LiTFSI electrolyte is thermally stable up to 400°C. PEO/LiBF4 is
less stable than PEO/LiTFSI electrolyte. Addition of LAGP significantly lowers the thermal
stability to around 300°C for all the electrolyte membranes, which is possibly attributed to
catalytic effect of LAGP that weakens the interaction between polymer matrix and lithium salt
and accelerates their thermal decompositions.

4.2 DSC
In general, for a polymer sample, a comprehensive DSC plot can show most of thermal
transitions possibly occurring such as the glass transition, cold crystallization, melting, oxidation,
and thermal degradation, as illustrated in figure 22. If the polymer is cooled down significantly
prior the occurrence of oxidation and thermal decomposition, crystallization and glass transition
can be observed. The first-order transitions such as the crystallization of a polymer during a
heating (cold crystallization) or a cooling cycle (crystallization) and a melting of polymer crystals
exhibit peaks in the thermogram. Glass transition is a second order transition which is reflected
in the thermogram as a dip with a slope. The difference in the heat flow per mass is the specific
heat (Cp) of the glass transition process.

60

Figure 22: Possible thermal events that can be analyzed using DSC. Depending on the thermal
event, the intensity and direction of the heat flow peaks varies significantly. Ref (67)
In this study, the thermal behaviors of the polymer electrolyte membranes were examined in
the temperature range of -90°C to 120°C to determine the impacts of lithium salt and LAGP
content on the glass transition temperature and melting temperature of PEO.
4.2.1 PEO – The Benchmark
Pure PEO is expected to exhibit two transitions in the testing temperature range, corresponding
to a glass-to-semicrystalline and crystalline-to-melt. Figure 23 shows DSC heating/cooling cycle
thermogram of pure PEO membrane. Upon heating, the large endo peak reflects the melting
point (Tm) of crystalline PEO, while the low temperature step reflects PEO glass transition
temperature (Tg). Upon cooling, the large exothermic peak near 50°C corresponds to the
freezing of crystalline PEO. The shift and asymmetry of the peaks between melting and freezing
are due to the selected ramping rate. See in figure 23 (a), several heating/cooling cycles have
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been tested and there are almost no variations in the resulting profiles. As can be seen from
figure 23(b), the glass transition temperature occurs over span of nearly -55°C, and the
complete melting of the sample occurs over nearly 60°C.

(a)

(b)
Figure 23: (a) the PEO DSC profiles taken over 4 cycles. (b) zoom-in plots for a better visualization
of the glass transition region. By using software, the Tg and Tm are determined.
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Tm and Tg of pure PEO used in this study are determined as 66.3oC and -54.6oC, respectively. This
result is consistent with literature, slightly shifted due to the difference in molecular weight and
heating rate during DSC measurement. In general, increases in molecular weight will increase
both Tm and Tg. The specific heat capacity of the PEO membrane at Tg is 0.16J/g.K and the
enthalpy of fusion at Tm is 143.87 J/g. Based on the enthalpy of fusion value of pure crystalline
PEO which is 205J/g, it is calculated that crystallinity in the PEO membrane is 70%.
4.2.2 LiBF4 Series
Different from pure PEO, for all the LiBF4 electrolyte membranes, it is constantly noticed in
several DSC runs and cycles that there are gradual variations in the DSC profiles between the asprepared sample and those after cooling under DSC test.

Figure 24. The DSC plot for one run on the PEO/LiBF4 sample during heating/cooling cycles. Cycle
1 is ramping up from -90oC to 110oC; cycle 2 is cooling down from 110oC to -90oC; cycle 3 is
ramping up, and so on so forth.
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(a) LiBF4

(b) LAGP20

(c) LAGP30

(d) LAGP40

(e) LAGP50

(f) LAGP60

Figure 25: DSC profiles (cycles 1, 3, and 5) for all of the LiBF4 series electrolyte membranes.
Figure 24 shows typical DSC profiles for one test on the PEO/LiBF4 sample upon heating and
cooling cycle. Figure 25 shows the first, third, and fifth cycle DSC profiles of all the LiBF4
electrolyte series. The difference in enthalpy of melting between cycles, the cold crystallization,
and the difference in enthalpy at Tg can all be easily seen. Below are some observations from
the DSC profiles:
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1. Comparing glass transition of the PEO/LiBF4 series in cycle 1 and 3, more crystallization
occurred after cooling to -90oC resulting in increased glass transition;
2. In the DSC profiles obtained at cycle 3 and 5, in addition to the glass transition dip and
melting peak, there is one exothermic peak constantly observed between the two
processes in the temperature range of 0 to 30°C. This is believed to reflect the cold
crystallization process, which may affect the melting point determination;
3. Sample LAGP20 and LAGP 60 have large crystallization peaks upon cooling cycle (cycle
2), resulting in higher melting temperature. Although the thermal history varied the
results, in general adding LAGP increased melting temperature and crystallinity of PEO.
These variations confirmed that thermal history caused the cold-crystallization appearance and
peak position shifting in the DSC profiles. Care must be taken in consideration of the thermal
history which may significantly impact the ionic conduction characteristics of the electrolyte
membrane.
In addition to glass transition (Tg) and melt (Tm) related to PEO, it is noticed that in some
specimens there is a broad endo heat flow in the temperature range of 80 to 110°C, which
manifested the existence of traces absorbed water and/or volatile acetonitrile solvent,
consistent with the TGA observation.
To avoid the interruption of the thermal history, the analysis is focused on the DSC results from
the as-prepared electrolyte membrane samples. Figure 26 presents thermograms (cycle 1) of
the LiBF4 electrolyte series with or without LAGP, which is quickly cooling down to -90oC and
then temperature ramps up to 120oC. The downward reflects the endo heat flow.
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Figure 26: A stacked plot including all of the DSC data of the electrolyte membranes with LiBF4
salt. The data has been separated for easier visual analysis. The cold crystallization before the
melting point can be easily seen in the LiBF4 samples.
Table 6. Comparison of the parameters for the samples including LiBF4. Most of the thermal
events were greatly impacted by the extent of crystallinity.

Sample

Mass(mg)

Tg (°C)

Onset Tm (°C)

Peak Tm crystallinity

PEO

6.20

-54.4

61.2

66.3

0.70439

PEO/LiBF4

4.50

-32.6

51.45

60.4

0.469724

LAGP20

7.40

-35.1

48.2

57.7

0.490244

LAGP30

6.30

-34.1

48.6

57.3

0.520976

LAGP50

3.50

-33

45.6

55.2

0.44761

LAGP60

5.70

-34.3

49.2

59.8

0.457886
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Figure 27: (left) Glass transition temperature, melting temperature and (right) crystallinity as a
function of LGAP content in the PEO/LiBF4 electrolyte series. Visual representation of the data
from table 6 for easily seeing trends. The lines in each plot represents the value for Pure PEO for
easier comparison to the samples.
From the DSC results, key parameters including Tg, Tm (both onset and peak position) and
crystallinity of each sample are determined and summarized in Table 6 . For clear visualization,
these key parameters are plotted as a function of LAGP content (Figure 27). The overall trend for
the Tg and Tm values is very clear. Adding LiBF4 into PEO significantly increases the glass
transition (by about 22°C) but decreases the melting temperature of PEO (by 6°C). Adding LAGP
into PEO/LiBF4 results in both the reduction of glass transition temperature and the peak
melting temperature by around 2 to 3°C. This impact is also observed in literature and is usually
attributed to the lithium salt and ceramic filler hindering the PEO from forming crystal structure.
Increasing the amount of LAGP from 20 to 60wt% has slightly shifted in the negative direction
on both Tg and Tm. This suggests increasing LAGP content may be inappropriate for the polymer
chain motion which would hinder ionic motion. This is consistent with the observation of
reduced ionic conductivities by increasing LAGP content reported by Lee.

67

Adding LAGP has inconsistent impacts on the crystallinity of PEO in the LiBF4 based membrane.
At LAGP 20-30 wt%, the crystallinity is slightly higher while 50-60 wt% LAGP samples have
slightly lower crystallinity. It is reported that the amorphous portion may have impact in either
positive or negative directions. From this present results it is still inconclusive if the presence of
LAGP will reduce the strong interaction between PEO and LiBF4, facilitating PEO motion and
crystallinity. Compared with the ceramic fillers, lithium salt has more significant impact of PEO
motion and crystallinity.
4.2.3 LiTFSI Series
Figure 28 presents the DSC profiles obtained from all the LiTFSI electrolyte membranes upon
ramping and cooling cycling test. There is no significant change between runs and cycles and,
which is distinguished from the LiBF4 series. There is slight shift of the Tg and Tm to the low
direction but no occurrence of cold crystallization. It is submitted that the LiTFSI electrolyte
series are much more stable and consistent that LiBF4 series. It can also be concluded that
thermal history has no significant impact on the thermal behaviors.
Figure 29 presents the cycle 1 DSC profiles of PEO/LiTFSI/LAGP series membranes. Again, for
comparison PEO cycle 1 profile is added. Table 7 summaries the key parameter values
determined from the DSC results. The glass transition and melting temperature of the
PEO/LiTFSI/LAGP series are also plotted as a function of LAGP shown in Figure 30.
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(a) LiTFSI

(b) LTF-LAGP20

(c) LTF-LAGP30

(d) LTF-LAGP50

(e) LTF-LAGP60

Figure 28: DSC profiles (cycles 1, 3, and 5) for all of the LiTFSI series electrolyte samples.

Figure 29: Visualization of all of the LiTFSI DSC data. The plots are offset for visual clarity.
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Table 7. Comparison of the parameters for the LiTFSI based electrolyte series.

Sample

Tg (°C)

Tm (°C)

Cycle 1

Cycle 3

Average

Cycle 1

Cycle 3

Average

Average
crystallinity

PEO

-54.4

-53.4

-53.9

66.3

65.9

66.1

0.7

PEO/LiTFSI

-43.9

-42.9

-43.4

56.1

52.4

54.3

0.43

LAGP20

-42.7

-38.8

-40.8

56.7

54.4

55.6

0.49

LAGP30

-43.1

-40.7

-41.9

58.5

54.7

56.6

0.51

LAGP50

-41.9

-41.4

-41.7

55.7

54.4

55.1

0.54

LAGP60

-41.7

-39.5

-40.6

54.7

53.3

54.0

0.38

Figure 30: (a) Tg and Tm and (b) crystallinity as a function of LGAP content in the PEO/LiTFSI
electrolyte series. Visual representation of the data from table 7 for easily seeing trends.
Adding LiTFSI into PEO significantly increases the glass transition by about 10°C but reduces the
melting of PEO by 12°C. Differently from LiBF4 series, adding LAGP into PEO/LiTFSI slightly
increases Tg and Tm as well as crystallinity (except 60wt% LAGP sample). There is insignificant
trend in relation to the amount of LAGP. Again, the thermal analyses suggest that addition of
LAGP into PEO/LiTFSI electrolyte hinders chain motion while accelerate crystallization,
consistent with the observed in the conductivity results (Lee).
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4.2.4 Comparison between LiBF4 and LiTFSI Electrolyte Membrane Series

(a)

(b)

(c)

Figure 31: A bar plot comparison of the thermal events for all of the tested electrolyte membrane
samples. (a) Melting temperature (b) glass transition temperature (c) crystallinity
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Figure 31 complies the Tm, Tg and crystallinity of all the electrolyte membranes in the bar plots.
When compared to the pure PEO samples, the addition of Li-salt, whether LiBF4 or LiTFSI,
increases the glass transition temperature and decrease the peak melting temperature. This
finding is consistent through all six of the data points collected for each sample series. Although
there is difference due to the amount of LAGP added, the values never surpass the initial values
from the pure PEO.
TFSI series have lower Tg and Tm as well as crystallinity than LiBF4 series, partly due to the
plasticizer effect of the TFSI anion and partly due to the strong interaction between lithium
cation and the polymer chain in LiBF4. Previous results showed that PEO/LiTFSI has much high
ionic conductivity than PEO/LiBF4, consistent with DSC results attributing to the higher
amorphous volume and higher polymeric chain motion.
When looking at the impact of LAPG addition to the samples, there is a more obvious effect in
the LiBF4 series samples. The addition of LAGP in general reduces the glass transition
temperatures and the peak melting temperatures. In each of the cases, there is a trend that
with increasing LAGP amount in the sample, Tg and Tm increase. With comparing the LiTFSI series
samples, adding LAGP in general increases the glass transition temperatures and the peak
melting temperatures. However, there is no clear trend showing the correlation between LAGP
amount and changes of Tg and Tm.
In sum, the DSC results showed that LAGP additives in PEO/Li-salt have two antagonistic effects:
(i) increase in the glass transition temperature (Tg) which is an indicator of suppressing the
polymer chain motion responsible for ion transport; this impact is lower in PEO/LiTFSI system
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than in PEO/LiBF4; (ii) slightly change the volume fraction of the amorphous phase in the
polymer complex. In PEO/LiBF4 system, the strong association between PEO and Li-ion results in
more crystalline laminar, adding LAGP reduces the crystallinity. In PEO-LiTFSI system, PEO and
the TFSI anion may have interactions and hence less crystallinity, adding LAGP weakens the
interaction and improves the association with lithium-ion, hence increased the crystallinity.
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5. Results and Discussion: DMA
In order to become more familiar with the testing modes’ impact on quantification results and
to determine the most consistent method suitable for analyzing the samples, several different
types of tests were performed on the pure PEO polymer. These test methods include creep
analysis, creep-recovery, stress-strain analysis to determine the Young’s Modulus, constant
strain tests at varying frequencies to determine the most ideal frequency for this system, and
constant frequency tests while ramping temperature to determine the storage and loss modulus
of the material. The tests were performed systematically to get the best results that could be
expanded to the PEO-based electrolyte membranes. A few selected modes are performed on
the electrolyte membranes. The results and discussion are in the following sections.
5.1 Pure PEO
5.1.1

Creep/Recovery Tests

In the creep/recovery test, a small constant tensile stress is applied on the sample and held for a
specific period of time at a preset temperature. Afterwards the stress is reduced to zero,
rendering the material recovery. The strain is recorded instantaneously as a function of creep
and recovery time. Under appropriate stress conditions, this would not result in any significant
or damaging strain, but it does slightly deform the sample.
For ideal elastic materials the strain remains constant in the creep zone, and upon recovery the
material reverts to its original condition since no permanent deformation occurs. By contrast, a
perfectly viscous material will be linearly deformed to a particular strain due to the applied
stress. After the stress is removed, the material is permanently deformed to the final strain. In
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reality, the creep/recovery result of most materials lies somewhere in between. There will be an
initial quick elastic deformation due to the initial stress, and then there is a slow viscous linear
region until the test is completed. When the stress is completely removed, the strain value
rapidly decreases and gradually reaches an equilibrium value. If this response is observed, the
material is viscoelastic, and the extent of the strain is dependent on the temperature and
duration of the experiment. The more elastic the material, the closer it recovers to its original
and hence, the smaller strain remains. Most polymers are viscoelastic. This property is due to
the rearranging and relaxing of polymer bonds as a result of the applied stress. A typical creeprecovery profile of a viscoelastic material is schematically shown in figure 32(a). From the creeprecovery profile, elastic modulus, viscosity, and recovery capability can be estimated.
The modulus determined from the instant strain rise region corresponds to the elastic modulus.
Compliance J(t) is defined as 𝐽(𝑡) =

𝜀(𝑡)
,
𝜎

where (t) is the instant strain and  is the applied

stress. Hence, compliance is essentially the inverse of the modulus. The compliance determined
from the slope in the linear section that extrapolated back to the intercept at zero time, as seen
in figure 32(b), is usually referred to as creep compliance or equilibrium compliance Je.
Correspondingly, the modulus determined from the creep compliance is called equilibrium
modulus. Viscosity is defined as  =

𝜎
,
𝑑𝜀/𝑑𝑡

where 𝑑𝜀/𝑑𝑡 is the steady-state strain rate.

Viscosity is determined from the slope in the linear viscous region from strain-time or
compliance-time plot. The recovery capability is the percentage of the recovered portion from
the maximum deformation.
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Figure 32: (a) A schematic creep-recovery profile of a typical viscoelastic polymer; (b) A
compliance vs. time profile and the visual demonstration of determining creep compliance.

Figure 33: The creep - recovery profiles obtained from pure PEO at -40°C and two different preset
stresses, 2.22MPa (right) and 0.222MPa (left).
In this study, the first trial of the creep/recovery test was performed on pure PEO at -40°C. Two
different stresses are applied, i.e. 2.22MPa and 0.222MPa. The total creep time is 5 min while
recovery time recorded is 1 min. Figure 33 shows the creep/recovery results. Upon creeping
the strain rapidly increased followed by gradual transition to linear increase and then reached a
close to equilibrium value. As the stress is completely release, the deformation recovers rapidly
but not completely. PEO exhibits typical viscoelastic behavior. It is also noted that the strain is
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not linearly changing with the two applied stresses. The maximum strain at the end of creep is
0.1% and 0.58% at 0.222MPa and 2.22MPa, respectively.
Table 8. Elastic modulus (determined from creep or recovery), equivalent modulus, steady-state
viscosity and recovery capability of PEO at -40°C obtained from creep-recovery test
Stress (MPa)

2.22

0.222

Initial strain at creep

0.43%

0.081%

Maximum creep strain

0.57%

0.097%

Initial strain recovery

0.23%

0.020%

End strain recovery

0.40%

0.084%

Creep compliance Je (1/MPa)

0.0023

0.0040

Elastic modulus from Creep (MPa)

422

274

Elastic modulus from Recovery (MPa)

653

288

Equilibrium modulus (MPa)

435

250

Percent Recovery (after 1min)

69%

90%

Creep linear strain rate (s-1)

8.6E-05

1.28E-05

Steady-state Viscosity (MPa.s)

25890

17286

The key properties are quantified and listed in Table 8. It is seen the elastic modulus (estimated
from the initial deformation or recovery) and the equilibrium modulus values are close at low
stress of 0.222MPa. At high stress of 2.22MPa, the difference estimated from creep and
recovery is significant attributed to the plastic deformation. The stress applied has drastic
impacts on the values, resulting 422-435MPa at the applied stress of 2.22MPa and around 250288MPa at 0.222MPa stress. The steady-state viscosity values are also estimated which are
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25890 and 17286MPa.s at the two stresses. Viscosity of a solid polymer can be an indicator of
chain movement capability. The high value suggests PEO chain can hardly move at -40oC.
At 0.222MPa, PEO shows mainly elastic behavior with around 90% recovery after 1min. As the
stress increased 10 times, PEO is more viscoelastic with only 69% recovery. This result suggests
more plastic deformation occurs and more energy is lost at the high stress.

Figure 34: Creep profiles of PEO obtained at different temperatures at the stress of 0.444MPa.

Figure 34 shows the PEO creep profiles obtained at the temperatures from -40°C to 60°C. In this
series tests, the applied stress is 0.444MPa. Again, all profiles exhibit an initial elastic jump and
gradually transition into the linear viscous portion. PEO membrane in the testing temperature
range is viscoelastic characteristic. Upon increasing temperature, the viscous slopes gradually
increase indicating the sample gradually changes from elastic to viscous dominant. It appears
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the profiles can be separated into three temperature regions, e.g. below -30oC, -30°C to 50°C,
and above 50°C, in which the instant elastic rise and the viscous slopes are different.
In general, when polymer experiences the transition from glassy to rubbery or rubbery to
terminal, there is rapid change in compliance, modulus, and viscosity. For quantitative analysis,
compliance, moduli and viscosity are determined at different temperatures. Two compliance
measurements, i.e. the instant compliance at 0.5 second and the equilibrium compliance, were
taken from the creep plots. The instant compliance and the equilibrium compliance as a
function of temperature are shown in figure 35 (a). Three fairly distinct regions of the
compliance plot can be observed. In the first region below -20°C compliance is considerably
lower. The rapid increase from -40°C to -20°C reflects transition from glassy state to rubbery
state. In the second region compliance has higher values. This is the rubbery plateau region and
the creep compliance is slightly increasing. The last region occurs near the material melting
point. The rapid increase starting around 50°C indicates transition occurring from rubbery to
terminal. The instant elastic modulus, the equilibrium modulus, and the steady-state viscosity
are calculated and plotted as a function of temperature, which are shown in figure 35 (b) and
(c). The transitions from glassy to rubbery and to terminal in the testing temperature range are
also apparent.
From the creep testing results, the elastic moduli of PEO in the rubbery state are in the range of
100-150MPa and the steady-state viscosity is in the magnitude of 103 (MPa∙s). At temperatures
lower than -30°C elastic behavior is dominant and polymer chain can hardly flow. At
temperatures above 40°C viscous becomes dominant when polymer chain starts readily flow.
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(a)

(b)

(c)

Figure 35: Compliance (a) modulus (b) and viscosity (c) of pure PEO as a function of creep
temperature obtained at the applied stress of 0.444MPa.
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5.1.2 Frequency Sweep at Different Temperatures
In this testing mode, the materials’ mechanical response to increasing frequency (rate of
deformation) is monitored at a preset stress or strain at a certain temperature. The frequency
sweep test in DMA can be used for quick comparison on modulus and elasticity of solids. Figure
36 shows a sketch of modulus changing trend in different regions upon increases frequency. At
extreme high frequencies, the response from glassy state is dominant and the modulus is high.
At the low frequency end, the terminal region characteristic is dominant with low modulus.
Typical frequency sweep range is in the range of 0.1 to 100Hz, which falls in the vicinity of the
boundary between rubbery and terminal regions. Within this frequency range, the storage
modulus E’ increases in terminal region and plateaus in the rubbery region. The loss modulus E”
increases in the terminal region but shows a slight decrease upon initial transition into the
rubbery region, with a possible hump around the transition. The damping factor tan will
decrease upon increasing frequency during the transition from terminal to rubbery.

Figure 36: A sketch of modulus changing trend in different regions upon increases frequency.
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Figure 37 shows the E’, E” and tan  as a function of frequency obtained from pure PEO at
different temperatures from 25oC to 55 oC. At each temperature, it is seen the storage moduli E’
slightly increases while the loss moduli E” decreases upon increasing frequency. At each
frequency, both storage and loss muduli are lower at higher temperatures. When temperature
increases from 25°C to 55°C the storage modulus at 1Hz decreases from 27MPa to 14MPa. Loss
modulus has the same trend except the amplitude reducing from 2.6MPa to 1.9MPa.
The data for each temperature set shows its own distinct range of storage modulus values, and
each set also follows the same overall trend. It is noted that there is a large jump in the modulus
values between 35°C and 45°C. Referring to the DMA creep test and DSC results, these plots
help reinforce the fact that the material has in the rubbery plateau region and near the
transition region around melting temperature.
From the loss modulus plot, there is further indication in that there is a dip in the E’’ values. At
55°C, the loss modulus appears to flatten at low frequencies and decreases more rapid at high
frequencies with a broad hump around 1Hz. This reflects the terminal/rubbery transition
boundary.
Last, the plot showing the tanδ values also follows a predictable trend. TanDelta continuously
decreases upon increasing frequency. The values decrease showing more elastic properties as
the mobility of the polymer chains is increased. Increasing temperature, TanDelta increases
throughout the testing frequency range. If the tests were to be performed at higher
temperatures, a peak would be expected near the melting point as viscous effect take
precedent. This observation is consistent with the transient creep test.
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(a)

(b)

(c)

Figure 37: E’, E” and tan vs. frequency of pure PEO obtained at different temperatures
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5.1.3 Temperature Ramp at Different Frequencies
In this test mode, the temperature increases at a constant ramping rate. Once the temperature
reaches equilibrium, the sample is subjected to deformation at a single frequency and the
response is recorded. In general storage modulus experiences a rapid drop in the transition
region and remains unchanged or slightly decreases in the glassy region or rubbery region (see
figure 38). Loss moduli may have a slight peak with maxima near the transition boundary,
although the general trend is a decrease similar to the storage moduli.

Figure 38: The schematic result from DMA temperature ramp at a single frequency.

For this set of studies, the experiment was performed on a TA Discovery HR3 instrument.
Several frequencies were tested in conjunction with several heating rates, and even multiple
frequency tests. The best and most consistent method was determined to be a combination of
single frequency at a 5°C/min heating rate with a strain deformation of 0.1%. Single frequency
tests at 0.2Hz, 0.5Hz, 1HZ, 2Hz, and 5Hz are examined.
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Figure 39 shows the results of E’. E” and tanδ as a function of temperature at each frequency
setting. The measured values of E’, E’’, and tanδ appeared to be mostly independent of the
frequency. There is a general trend that can be seen with the magnitude of the E’ values being
highest for the 5Hz experiments. This trend follows with the 5Hz tests showing the lowest values
for both the E’’ and tanδ experiments. All E’ values show close to linear decrease and then
change to a rapid reduction as the temperature increases from 25°C to 70°C. The transition
temperature slightly varies with frequencies but all falls in the range of 61 to 68oC. The loss
modulus shows similar trend, except at 5Hz when a hump is observed peak centered at 64oC.
The TanDelta values remain less than 0.2 below 60oC but rise rapidly above 60°C especially at
low frequencies. All these observations confirmed that PEO remains viscoelastic below 60°C and
becomes viscous upon melting occurrence. The transition temperature, from the TanDelta
profiles, is determined in the range of 63-68oC at all testing frequencies with an average value of
65oC, consistent with DSC results. The storage moduli at 25oC (some projected from the linear
regions) and 40oC (actual values at each frequency are listed in Table 9. In average, storage
moduli at 25°C and 40°C are 28.44 MPa and 22.61MPa, respectively.
Table 9: Storage modulus and melting temperature determined at different testing frequencies
0.2Hz

0.5Hz

1Hz

2Hz

5Hz

average

E’@25 °C (MPa)

27.47

28.50

22.88

28.63

34.73

28.44

E’ @40 °C (MPa)

21.25

21.98

19.53

23.52

26.75

22.61

Tm (from tan) (°C)

60.4

61.4

68.2

66.3

66.7

64.6

85

(a)

(b)

(c)

Figure 39: E’. E” and tan  vs temperature of pure PEO obtained at different frequencies
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5.1.4 Static Stress-Strain Tests at Different Temperatures
In this testing mode, samples are deformed under tensile strain at a constant strain rate for
generating stress-strain curves. Depending on the structure and mechanical properties,
polymers may exhibit different characteristics from hard and brittle plastic to soft and flexible
elastomer, as shown in Figure 40. From the stress-strain profiles, Young’s modulus, strain
hardening modulus, yield strength and fracture point etc. can be determined.

Figure 40: Various stress-strain characteristics depending on polymer mechanical properties.

In this study, pure PEO membrane are subjected to the traditional stress-strain test at each
temperature in the range of -70oC to 45oC. The sample is rapidly reduced to the lowest
temperature and waited for 15min to reach thermal equilibrium before the tensile test.
Afterwards, the temperature to ramp at the rate of 3oC/min to the next preset value. For all the
test the strain deformation limit is set to 8 %. All the membranes did not break at 10% strain.
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Figure 41: Stress-Strain and modulus-strain profiles obtained from pure PEO at different
temperatures.

88

Figure 41 presents stress-strain plots of pure PEO at different preset temperatures from -70°C to
45°C. They are grouped depending on the profile characteristics. Meanwhile the instant
modulus as a function of strain are shown in the right column. As can be seen from the plot, the
applied stress necessary to deform the sample are generally higher at the lower temperature.
Below the glass transition temperature, the stress applied is maximized.
The modulus values are useful for determining the mobility of the material and are also
correlated to the stiffness and other desirable mechanical properties. The common method of
reporting elastic modulus values is from the initial linear section in the stress-strain plots. Due to
the deviation from linear relationship, the elastic modulus in this study is approximated from
the maximum value or the instant value at the 0.5% strain (which is remained in the elastic
region) in the modulus – strain plots.
As discussed in the chapter 4, DSC results show that PEO glass transition occurs at -54oC. Hence
at -70°C PEO is totally in glassy state. At -70°C PEO exhibits linear stress-strain relationship
below 1% strain with a constant modulus. As temperature increases to -60°C and -50°C, the
elastic region is gradually deviated from the linear relationship. For comparison, the elastic
modulus is determined at the strain of 0.5%. The instant elastic moduli at -70°C, -60°C and -50°C
are 2560 MPa, 1300 MPa, and 792 MPa respectively. Beyond 1-2% strain, PEO will experience
plastic deformation and the modulus decreases rapidly. The yield strengths at -70°C, 60°C and 50°C, are 35 MPa, 24 MPa, and 15.7 MPa, respectively.
PEO membrane at -70oC and -60oC shows a certain strain hardening, possibly caused by large
scale orientation of chain molecules in the direction of the load. Increasing temperature, the
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strain hardening gradually decreases with reduced hardening modulus. This can be attributed to
gradual evolution of chain entanglement morphology and transition to crystallization. In this
study the hardening modulus at 5% strain is selected for comparison. The hardening modulus at
-70°C, 60°C and -50°C are 756.9MPa, 575.7 MPA, and 380.1 MPa, respectively.
As temperature increases to above glass transition temperature, the elastic modulus and yield
strength decrease drastically. The modulus and yield strength are 505MPa and 8.4MPa at -30°C
which are half of the values at -40°C. No strain hardening occurs.
As the temperature increases to -20°C, PEO starts to deviate the trend showing increased
modulus, yield strength and strain hardening. This phenomenon becomes more dramatic at 10°C and 0°C. Beyond 2% strain the polymer shows plastic with significant strain hardening
effect. The existence of two slopes is observed in the elastic region. The two elastic slopes may
be determined by the coexistence of amorphous and crystalline phases in PEO. At the initial
transformation from amorphous to crystalline, the mechanical behavior is dominated by the
amorphous phase due to the small amount of crystallite. Increasing elongation or temperature,
more crystallites appear and the mechanical behavior becomes dominated by the crystalline
phase. At -20°C, the increased modulus to 558MPa can be related with crystalline phase,
respectively. The yield strength is 10.8MPa. As temperature reduced to -10°C and 0°C, the
elastic modulus at 0.5% strain are 598MPa and 323MPa, respectively. The yield strength
decreases to 8.5MPa and 4.6MPa, respectively.
In the temperature range of 25°C to 45°C, the modulus increases upon elongation and reaches
the maximum around 0.5% strain before plastic deformation. The elastic moduli at 25°C, 35°C,
and 45°C are 390MPa, 375MPa and 286MPa. The yield strengths are 6.3, 5.6 and 4.1MPa,
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respectively. In this temperature range, the strain hardening modulus are 151MPa, 122MPa,
and 95MPa respectively. The strain hardening does not depend on crystallinity or lamellae
thickness but is mainly controlled by the entanglement density of the amorphous phase.
The elastic modulus and yield strength as a function of temperature are plotted and shown in
figure 42. The modulus values are much higher below the glass transition point of the material,
followed by an intermediate transition zone, and finally a decrease near the melting point. The
yielding strength shows similar trend. As temperature increases from -70°C to -30°C, amorphous
phase dominates the mechanical properties. Above -30°C, crystalline phase becomes dominant.
For semicrystalline polymers, the mechanical properties are greatly affected by the degree of
crystallinity and the lamellae structure and size. Yield strength is known to decreases
proportionally with the increase of lamellar thickness. With temperature increases, more
crystallization occurs and the crystallite size and lamellae thickness increase, resulting in the
decrease of yield strength. In the rubbery region, the elastic modulus and yield strength are in
the range of 400-500MPa and 5-10MPa, respectively.

Figure 42: Elastic modulus and yielding strength changing with temperatures obtained from pure
PEO via traditional stress-strain test.
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5.2 Transient Strain Ramp Stress-Strain Tests on PEO/LiBF4 series
Figure 43 presents the stress-strain and instant modulus-strain profiles obtained from PE/LiBF4
electrolyte membranes at temperatures from -50°C to 50°C.
The glass transition temperature of the PEO/LiBF4 membrane was determined at -32.6°C. Hence,
at -50°C PEO is totally in glassy state, exhibiting a linear stress-strain relationship below 1%
strain with a constant modulus of 37.7MPa. Beyond 1% strain, PEO/LiBF4 experiences plastic
deformation and rapid modulus decrease. As temperature increases to -30°C, which is slightly
above Tg, the elastic modus reduces to 14.2 MPa and elastic region expands to around 2% strain.
The strain hardening is less significant.
As temperature furthers increases above Tg, e.g. -10°C and 0°C, elastic modulus and yield
strength increases possibly due to the crystallization occurrence. Those values are 34.9 MPa and
44.4 MPa for the modulus, while 0.69MPa and 0.78MPa for yield strength, respectively.
At 20°C and 30°C, PEO/LiBF4 shows twin-peaks within the strain less than 5% in the stress-strain
profiles. The slope is slightly different. This may be due to the crystalline phase with two
different crystallite sizes and lamellae thickness. The larger crystallite size and thicker lamellae,
the lower the yield strength. Significant strain hardening effect is observed.
Cold crystallization readily occurs in the PEO/LiBF4 system, as observed in DSC, when the
polymer chains have been quenched into a highly disordered state. On heating above the Tg,
these chains gain enough mobility to rearrange into crystallites, which may cause a dramatic
increase in modulus. The variation of crystallite size and lamellae thickness have influence on
the mechanical properties.
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Figure 43: Stress-strain and modulus-strain profiles obtained from PEO/LiBF4 electrolyte
membrane at different temperatures

Figure 44: Elastic modulus (left) and yielding strength (right) changing with temperatures
obtained from PEO/LiBF4 electrolyte membrane.
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Figure 44 plots the elastic modulus and yield strength changing with the temperature. In the
glassy state modulus values are high while yielding strengths are low. Upon transition to the
rubbery state, moduli are reduced while yielding strengths increased. In the rubbery state far
above Tg, the crystalline phase dominates the mechanical properties. Initial increase in modulus
and yield strength may suggest increased crystallinity, but the crystallite size and lamellae
thickness changes insignificantly. When crystallite size and lamellae thickness start to increase,
e.g. above 20°C, the modulus and yield strength start to decrease until the onset of melting in
the terminal region. The modulus and yielding strength are 80.6 MPa and 1.5 MPa at 20°C,
highest in the testing temperature range.
Comparing the results between pure PEO and PEO/LiBF4 membranes, the addition of the lithium
salt significantly reduces the elastic modulus and yield strength. It is also seen that strain
hardening occurs throughout the testing temperature range. The strain hardening is mainly
controlled by the entanglement density of the amorphous phase. The strong interaction
between lithium ions and PEO increases the entanglement in the amorphous phase and limits
the increase of crystallite sizes.
5.3 Transient Strain Ramp Stress-Strain Tests on PEO/LiBF4/LAGP series
5.3.1 PEO/LiBF4/LAGP20
Figure 45 shows the data obtained from the stress strain profiles for the PEO/LiBF4/LAGP20
series. The plots are grouped as follows, -50°C-30°C, -20°C-0°C, and 20°C-50°C. The instant
modulus values and their corresponding yield strength values for each temperature are
summarized in figure 46. Different from the previous trials, each of the samples in the LAGP20
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series show strain hardening properties. Overall, in the glassy region, the moduli at -50°C, -40°C,
and -30°C are 82.5MPa, 72.4 MPa, and 35.5 MPa, respectively. As the temperature increases
above Tg, the modulus values rapidly decrease. In the rubbery and transition region, there is an
increase in modulus with the maximum of 176.6 MPa occurring at 10°C, an indicative of a cold
recrystallization. The values again decrease rapidly to 38.5MPa and 15MPa at 40°C and 50°C
respectively. The yield strength remains fairly constant around 1MPa through the transition
region and falls off drastically as the temperature approaches the melting point.
When compared to the electrolyte with no LAGP, the modulus value is higher while the yielding
strength is lower. This may suggest that addition of LAGP into the electrolyte increased
entanglement of amorphous phase, increased crystallinity, but reduces the crystallite size
and/or lamellae thickness.
5.3.2 PEO/LiBF4/LAGP30 series
Figure 47 shows the stress-strain, modulus-strain, elastic modulus-temperature and yieldstrength-temperature results of PEO/LiBF4/LAGP30 membranes. This membrane shows the
following characteristics distinguished from the previous samples: 1) lower eleastic modulus at 50°C, 2) narrower elastic region at -20°C; 3) increased modulus in the initial rubbery state, e.g at
-20°C and -10°C; 4) cold-crystallization phenomenon at 10°C; 5) modulus increases with
temperature above 20°C. It is unsure at the moment if the measured data at 20°C reflect the
actual behavior or if there is significant experimental error. This uncertainty is due to a large
variation when compared to the other samples. Repeat measurements are needed to confirm
that observation.
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Figure 45: Stress and modulus vs strain profiles of PEO/LiBF4/LAGP20 at different temperatures

Figure 46: Elastic modulus (left) and yielding strength (right) changing with temperatures
obtained from PEO/LiBF4/LAGP20 electrolyte membrane via traditional stress-strain test
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Figure 47: The stress-strain (a,c,e), modulus-strain (b,d,f), elastic modulus-temperature (g) and
yield-strength-temperature (h) results of PEO/LiBF4/LAGP30 membranes.
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Figure 48: The stress-strain (a,c,e), modulus-strain (b,d,f), elastic modulus-temperature (g) and
yield-strength-temperature (h) results of PEO/LiBF4/LAGP60 membranes.
5.3.3 PEO/LiBF4/LAGP60
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Figure 48 shows the stress-strain, modulus-strain, elastic modulus-temperature and yieldstrength-temperature results of PEO/LiBF4/LAGP60 membranes. This memebrane shows similar
trend to the PEO/LiBF4/LAGP30 samples at low temepratures. There is anormaly above 20°C
when the changing trend is unclear. It is possibly due to the inhomogeneous distribution of
LAGP fillers in the samples. Some samples during DMA measurement have less LAGP while
others have more, which can result in the variation of mechanical properties. Repeat
measurement is needed for this composition.
5.3.4 PEO/LiBF4 series Summary
When comparing the samples in the LiBF4 series, the magnitude of the modulus values is a
logical place to start. Across the board, the modulus for every sample containing LiBF4 is at least
an order of magnitude lower than that of pure PEO. It is known from the literature review that a
decrease in crystallinity can have severe negative impacts on the mechanical properties of a
material. From this study, combining the DSC and DMA results, it confirms that the crystallinity
of the material is greatly decreased by the addition of the lithium salt. The drastic change in
modulus values also suggests other interactions. Further studies would have to be performed to
determine exactly what the interactions are, but it is entirely possible that the presence of LiBF4
degrades some of the weak interactions between PEO units, or reduces some entirely.
When the LAGP ceramic filler is added to the PEO/LiBF4 samples, some positive trends are
observed. Excluding the value at 10°C where the massive spike occurs due to instant
crystallization, the LAGP20 modulus values are higher across the board. From these modulus
tests alone, it appears that the addition of LAGP is beneficial to the mechanical properties of the
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composite materials. With the LAGP30 and LAGP60 samples, the conclusion is less clear overall.
For most values, LAGP60 performs worse than the PEO LiBF4 case, with only a few exceptions. It
is possible that after e certain point, with very high amounts of LAGP homogeneity is difficult to
achieve in the samples. This would explain much of the variation in results.
5.4 Dynamic Temperature Ramp on PEO/LiBF4/LAGP series: Preliminary Results
5.4.1 Temperature ramp at 1Hz with a constant strain
In this series test, the frequency is set at 1 Hz with a constant strain in the range of 0.2-0.3%.
PEO/LiBF4, PEO/LiBF4/LAGP30 and PEO/LiBF4/LAGP60 were tested. Figure 49 presents the
storage modulus E’, loss modulus E”, and dampling factor tan  changing with temperature
obtained from these three samples. At 25oC, storage module is 6MPa, loss modulous about
1.5MPa with tan delta of 0.25. As the temperature increases to 50 oC, just below melting
temperature, the values of E’, E” and are reduced 4MPa and 1.2MPa , respectivelty. The value of
tan  slightly increased. Adding 30wt% LAGP has no signigicant impact in viscoelastic property of
PEO/LiBF4. In LAGP30, the increases of E’ and E’’ around melting temperature might be related
with the rapture of the sample during the testing. As the content of LAGP increased to 60%,
both E’ and E” increase drastically in addition to tanDelta, suggesting increased viscous
behavior.
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(a)

(b)

(c)
Figure 49: E’, E” and tan  as a function of temperature of PEO/LiBF4, PEO/LiBF4/LAGP30,
PEO/LiBF4/LAGP60 obtained at 1Hz with constant strain of 0.2-0.3%.
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5.4.2 Temperature ramp at constant stress
In this series test, a constant stress was applied while the strain change was recorded upon
increasing temeprature. For samples LAGP20 and LAGP 40, the stress applied was 0.167MPa
resulting in the initial strain greater than 8%; for samples LAGP30 and LAGP50, the applied stress
was reduced to 0.029MPa with initial strain at 2-4%; for LAGP60 sample the stress was
0.127MPa with initial strain of 2.6%. Modulus as a function of temperature is shown in figure 50.
Since the strain exceeds 2%, the modulus is actually the strain hardening modulus. At each
temperature the moduli values are close for the samples with LAGP composition from 20 to 50
wt%, with LAGP20 and LAGP30 better than LAGP40 and LAGP 50. LAGP60 significantly increases
the strain hardening. Comparing LAGP20 and LAGP 40 which has the same initial strain, it shows
LAGP20 is harder than LAGP40; similar LAGP30 is harder than LAGP50. This consistently
indicates LAGP20 and LAGP30 are better than LAGP40 and LAGP 50.
5
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Figure 50: Modulus as a function of temperature obtained from a series of samples PEO/LiBF4
with LAGP20, LAGP30, LAGP40, LAGP50 and LAGP60 at constant stress mode.
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5.5 Dynamic Temperature Ramp on PEO/LiTFSI/LAGP series: Preliminary results
5.5.1 Temperature ramp at 1Hz with a constant strain
PEO/LiTFSI with LAGP20 and LAGP50 samples were tested at the frequency of 1 Hz with a
constant strain around 0.2%. Figure 51 presents the E’, E”, and tan  changing with temperature
obtained from these three samples. Above melting temperature, tan delta increases
dramatically because viscous property dominates. As the LAGP content increases from 20 to 50
wt%, the modulus values have no significant changes.
5.5.2 Temperature ramp at constant stress
In this series test the temperature range was set from 35°C to 70°C. The stress applied are
slightly different. The stress applied to TFSI sample was 0.019MPa resulting in the initial strain of
0.5%; for samples LAGP20 to LAGP50 samples, the applied stress was 0.007MPa with initial
strain around 0.3%; for LAGP60 sample the stress was 0.09MPa with initial strain of 0.7%. At this
initial strain, the membrane deformation is either elastic or transition to plastic before melting
occurs. The modulus as a function of temperature is shown in figure 52. In general, the modulus
slightly decreases with increasing temperature prior melting. Adding LAGP in the range of 20-50
wt% slightly reduces the modulus and the more LAGP the lower the modulus. However, as the
LAGP content increased to 60wt%, the modulus increases drastically.
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Figure 51: E’, E” and tan  as a function of temperature of PEO/LiTFSI/LAGP20 and
PEO/LiTFSI/LAGP50 obtained at 1Hz with constant strain of 0.2-0.3%.
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Figure 52: Modulus as a function of temperature obtained from a series of PEO/LiTFSI samples
with LAGP content from 0 to 60wt%.

5.6 Summary and General Discussion
5.6.1 Comparison of the results obtained at different testing modes
In this study, different DMA testing modes have been tested on pure PEO membrane. Table 10
shows the modulus values at 30oC determined using these modes. In creep test, if the applied
stress is small enough to maintain over 90% recovery, the instant modulus or equivalent
modulus is close to elastic modulus value. It is clear the storage modulus determined from
dynamic mode can deviate significantly from transient elastic modulus determined from static
mode. When the testing mode moved from dynamic to a static test, the values jumped from
near 25MPa up to 380 MPa. Hence, it is very important to make a distinction about which type
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of test is being performed. Depending on the mode selected, the modulus values can differ by
an order of magnitude.
During the static traditional stress-strain tensile test on viscoelastic polymers, the elastic does
not always obey Hooke’s law. It is better to determine at a fixed strain point, e.g. 0.5% strain, for
comparison. The evolution of the stress-strain profile can be complicated due to crystallization,
phase transformation, and thermal history.
Table 10: Summary of the PEO various modulus values determined around room temperatures
from different testing modes
Modulus (MPa)

Remarks

Creep test, at 30oC

Instant: 155.5
Equilibrium: 118.9

Varies with the stress applied (strain
range). The value obtained at 0.444MPa

Stress-strain test, at 25oC

Modulus: 390

With linear elastic deformation, the
slope from stress-strain plot.

Frequency sweep at
different temperature, 25oC

Storage: 27
Loss: 2.53

Slight increases with frequency from
0.1Hz to 10Hz. The value is at 1Hz

Temperature ramp at
different frequency , 25oC

Storage: 22.9
Loss: 2.5

Slight varies with frequency from 0.2Hz
to 5Hz. The value is an average

5.6.2 Comparison of the results from the different membrane composition
Table 11 summarized the key mechanical properties around room temperatures, in the range of
20oC to 35oC, obtained from different membrane compositions. Some overall trends can be
discussed.
Most obviously, the pure PEO has the largest numerical values across the board for each
category including elastic modulus, yield strength and hardening modulus determined from
tensile tests, as well as the storage and loss moduli determined from the dynamic modes.
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Increasing temperature the properties gradually decrease. When the salt is added, whether
LiBF4 or LiTFSI, all the corresponding values exhibit a large decrease. This can be attributed to
the large decrease in crystallinity in the presence of lithium salt. It is also seen that the elastic
modulus of the LiTFSI membrane is more than ten time lower than the LiBF4 membrane,
consistent with the plasticizer function of LiTFSI.
In the LiBF4 series, When LAGP is added there appears a reducing trend in elastic modulus and
yielding strength. The dramatic odd values could be the results of instantaneous cold
crystallization, manifested by DSC observations. The hardening modulus determined by rapid
dynamic testing mode, which can alleviate the occurrence of cold crystallization, showed
consistent decreasing trend until LAGP 60. Since there are only two data points of storage and
loss moduli in relation to the LAGP content, i.e. LAGP30 and LAGP 60, it is difficult to draw clear
conclusion. The other noticeable artifact of each sample containing LiBF4 has to do with a coldcrystallization leading to a large modulus increase
In the TFSI series, preliminary results show that there is a gradual decrease in modulus with
LAGP 20-50 wt% but significant increase in the LAGP60 membrane. It is likely that the crystallite
size is larger in the LAGP60 sample rendering the increase, which need to be confirmed in the
future.
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Table 11: Key mechanical properties (in MPa) determined around room temperatures from
different membrane composition with the help of DMA.
PEO
Elastic modulus

1

Yielding strength2
Hardening modulus3
Hardening modulus4
Storage modulus5
Loss modulus

5

6

Elastic modulus
Storage modulus7

LiBF4
o

LAGP20
o

LAGP30

LAGP50

347.8@20oC
35.6@30oC

6.3@25oC
5.7@35oC
151@25oC
122@35oC

2.1@20oC
0.31@30oC
54.1@20oC
9.9@30oC
4.7
34.8

1.4@20oC
1.1@30oC
44.8@20oC
34.4@30oC
2.2

o

LAGP60

390@25 C 80.6@20 C 120.6@20 C 34.8@20 C
375@35oC 89.1@30oC 90@30oC
1.5@20oC
0.7@30oC
49.5@20oC
6.2@30oC

o

0.59@20oC
13.5@20oC

22.9

3.91

1.5
6.36

2.5
PEO

0.67
LiTFSI

1.63
LAGP30

375

5.5

Loss modulus7

LAGP20
2.8
16

2.4

4.6

0.8

LAGP50
1.8
18

17.5
LAGP60
10.2

5.8

Note: 1) elastic modulus from tensile test: With linear elastic deformation, the slope from stress-strain
plot. Else, taken the instant modulus at 0.5% strain. See figures 41, 43. 45, 47, 48;
2) yield strength from tensile test: maximum stress after elastic deformation or taken the stress at 2%
strain. See figures 41, 43. 45, 47, 48;
3) hardening modulus from tensile test: modulus at 5% strain. See figures 41, 43. 45, 47, 48;
4) LiBF4 series hardening modulus @ 35oC, from temperature ramp at constant stress with initial strain
greater than 2%, see figure 50;
5) LiBF4 series storage and loss moduli @ 30oC, from temperature ramp at 1Hz test, see figure 49;
6) TFSI series elastic modulus @ 35oC, from temperature ramp at constant stress test with initial strain less
than 0.7%, see figure 52;
7) TFSI series storage and loss moduli @ 30oC, from temperature ramp at 1Hz test, see figure 51.
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6. Conclusions and Further Work
For the development of solid-state flexible lithium based batteries polymer-ceramic composites
are attractive electrolyte candidates. Research has been focused on improving ionic
conductivities of the composite electrolytes, while thermal and mechanical properties are in lack
of studies. In this study, the polymer-ceramic composite electrolytes consisting of PEO, LAGP
and two lithium salts (LiTFSI and LiBF4) are studied. The findings are summarized in the following
based on the TGA, DSC and DMA analyses:
1. There are three distinguishable decomposition stages, corresponding evaporation of
absorbed water and solvent residue, combustion of free PEO, and decomposition lithium salt
including associated PEO portion. Major decomposition occurs after 250oC. When the
temperature exceeds 450oC, there is no weight loss.
The PEO/LiTFSI electrolyte is thermally stable up to 400°C. PEO/LiBF4 is less stable than
PEO/LiTFSI electrolyte as well as pure PEO. In the LiBF4 series, when LAGP is added to the
samples, there is positive impact on the thermal stability as the decomposition temperature
increased nearly 25°C. This effect was lessened as the LAGP content increased. In the LiTFSI
series, once the LAGP was added, there was a drastic change in decomposition temperature
with a decrease of over 100°C. This change was consistent and decreased further as the LAGP
content increased. Addition of LAGP significantly lowers the thermal stability to around 300°C,
which is possibly attributed to catalytic effect of LAGP that weakens the interaction between
polymer matrix and lithium salt and accelerates their thermal decompositions.
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2. Due to the addition of Li-salt, whether LiBF4 or LiTFSI, the glass transition temperature
Tg increased but the melting point Tm and crystallinity decreased. The increase in Tg is an
indicator of suppressing the polymer chain motion responsible for ion transport. TFSI series have
lower Tg, Tm and crystallinity than LiBF4 series, partly due to the plasticizer effect of the TFSI
anion and partly due to the strong interaction between lithium cation and the polymer chain in
LiBF4 membrane.
When looking at the impact of LAPG addition to the samples, there is a more obvious
effect in the LiBF4 series samples. The addition of LAGP in general reduces the glass transition
temperatures and the peak melting temperatures. There is a trend that with increasing LAGP
amount in the sample, Tg and Tm slightly increase until the LAGP50 sample where the value
began to decrease. Comparing the LiTFSI series samples, adding LAGP in general increases Tg and
Tm. However, there is no clear trend showing the correlation between LAGP amount and
changes of Tg and Tm.
3. PEO membranes were firstly studied in the most detail to determine the mechanical
properties in response to creep, tensile stress, temperature, and frequency effects. It is noted
that modulus values vary significantly when the testing modes vary. Depending on the mode
selected, the modulus values can differ by an order of magnitude.
PEO exhibits viscoelastic characteristic between the glass transition and melting
temperatures and the elastic deformation does not always obey Hooke’s law. The storage
modulus determined from dynamic mode is around 25MPa with loss modulus around 2.5MPa at
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room temperatures. At 25oC the elastic modulus, yielding strength and hardening modulus are
determined 390MPa, 6.3MPa, and 150MP respectively.
When the salt is added, whether LiBF4 or LiTFSI, all the mechanical properties exhibit a
significant decrease due to large decrease in crystallinity resulting the plasticizer impact and
salt-polymer interactions. It is also seen that the elastic modulus of the LiTFSI membrane is more
than ten time lower than the LiBF4 membrane. In the LiBF4 series it is noticed that the evolution
of the stress-strain profile can be complicated due to instant crystallization and thermal history.
When LAGP is added to the electrolyte membranes, there is a reducing trend in elastic
modulus and yielding strength. When LAGP content increased to about 60wt%, the membrane
appears to become harder showing increased in hardening modulus in the LiBF4 series and
elastic modulus in the TFSI series.
It is difficult to conclude the impact of LAGP on the electrolyte membrane mechanical
properties, especially to correlate the LAGP amount with the elastic modulus values. Given
adequate time and materials, there are a few areas that could be investigated further to confirm
the data presented. It would also be beneficial to devise a new experiment using LAGP
concentrations centered around LAGP20 and LAGP30, as they seemed to have the best overall
properties. For some of the materials, especially with the LAGP50 and LAGP60 series, there was
a concern having to do with material homogeneity. It is possible that due to the large LAGP
concentration and lack of crystallization that the materials were not entirely homogenous. The
extent of homogeneity could be discovered through several repeated DMA trials using material
from the same source and using SEM or a similar method.

111

References
(1) U.S. Energy Information Administration - EIA - Independent Statistics and Analysis.
(2020, July). https://www.eia.gov/analysis/studies/electricity/batterystorage/
(2) Zablocki, A. (2019, February 22). Fact Sheet: Energy Storage (2019). Retrieved November
16, 2020, from https://www.eesi.org/papers/view/energy-storage-2019
(3) Scrosati B., Neat R.J. (1993) Lithium polymer batteries. In: Scrosati B. (eds)
Applications of Electroactive Polymers. Springer, Dordrecht
https://doi.org/10.1007/978-94-011-1568-1_6
(4) Yoshio, M., Brodd, R. J., & Kozawa, A. (2009). Lithium-ion batteries (Vol. 1, pp. 2-3). New
York: Springer.
(5) The Nobel Prize in Chemistry 2019. NobelPrize.org. Nobel Media AB 2020. Sun. 26 Jul
2020. https://www.nobelprize.org/prizes/chemistry/2019/summary/
(6) Bates, Mary. “How Does a Battery Work?” MIT Engineering, 1 May 2012,
engineering.mit.edu/engage/ask-an-engineer/how-does-a-battery-work/.
(7) Kim, J. G., Son, B., Mukherjee, S., Schuppert, N., Bates, A., Kwon, O., Choi, M. J., Chung,
H. Y., & Park, S. (2015). A review of lithium and non-lithium based solid state batteries.
Journal of Power Sources, 282, 299–322.
https://doi.org/10.1016/j.jpowsour.2015.02.054Chem. Rev. 2004, 104, 10, 4271–4302
Publication Date: September 14, 2004 https://doi.org/10.1021/cr020731c
(8) Chem. Rev. 2004, 104, 10, 4271–4302 Publication Date:September 14, 2004
https://doi.org/10.1021/cr020731c
(9) Kucinskis, G., Bajars, G., & Kleperis, J. (2013). Graphene in lithium ion battery cathode
materials: A review. Journal of Power Sources, 240, 66–79.
https://doi.org/10.1016/J.JPOWSOUR.2013.03.160
(10) Myung, S.-T., Kumagai, N., Komaba, S., & Chung, H.-T. (2001). Effects of Al doping on
the microstructure of LiCoO2 cathode materials. Solid State Ionics, 139(1–2), 47–56.
https://doi.org/10.1016/S0167-2738(00)00828-6
(11) Liu, H., Cao, Q., Fu, L. J., Li, C., Wu, Y. P., & Wu, H. Q. (2006). Doping effects of zinc on
LiFePO4 cathode material for lithium ion batteries. Electrochemistry Communications,
8(10), 1553–1557. https://doi.org/10.1016/J.ELECOM.2006.07.014
(12) Zhang, W.-J. (2011). A review of the electrochemical performance of alloy anodes for
lithium-ion batteries. Journal of Power Sources, 196(1), 13–24.
https://doi.org/10.1016/J.JPOWSOUR.2010.07.020
(13) Zuo, X., Zhu, J., Müller-Buschbaum, P., & Cheng, Y.-J. (2017). Silicon based lithium-ion
battery anodes: A chronicle perspective review. Nano Energy, 31, 113–143.
https://doi.org/10.1016/J.NANOEN.2016.11.013
(14) Aurbach, D., Markovsky, B., Salitra, G., Markevich, E., Talyossef, Y., Koltypin, M.,
Kovacheva, D. (2007). Review on electrode–electrolyte solution interactions, related to

112

cathode materials for Li-ion batteries. Journal of Power Sources, 165(2), 491–499.
https://doi.org/10.1016/J.JPOWSOUR.2006.10.025
(15) Gnanaraj, J. S., Zinigrad, E., Asraf, L., Gottlieb, H. E., Sprecher, M., Aurbach, D., &
Schmidt, M. (2003). The use of accelerating rate calorimetry (ARC) for the study of the
thermal reactions of Li-ion battery electrolyte solutions. Journal of Power Sources, 119–
121, 794–798. https://doi.org/10.1016/S0378-7753(03)00255-6
(16) Agrawal, R. C., & Pandey, G. P. (2008). Solid polymer electrolytes: materials designing
and all-solid-state battery applications: an overview. Journal of Physics D: Applied
Physics, 41(22), 223001. https://doi.org/10.1088/0022-3727/41/22/223001
(17) Younesi, R., Veith, G. M., Johansson, P., Edström, K., & Vegge, T. (2015). Lithium salts
for advanced lithium batteries: Li–metal, Li–O2, and Li–S. Energy & Environmental
Science, 8(7), 1905–1922. https://doi.org/10.1039/c5ee01215e
(18) Moumouzias, G., Ritzoulis, G., Siapkas, D., & Terzidis, D. (2003). Comparative study of
LiBF4, LiAsF6, LiPF6, and LiClO4 as electrolytes in propylene carbonate–diethyl
carbonate solutions for Li/LiMn2O4 cells. Journal of Power Sources, 122(1), 57–66.
https://doi.org/10.1016/s0378-7753(03)00348-3
(19) Fergus, J. W. (2010). Ceramic and polymeric solid electrolytes for lithium-ion batteries.
Journal of Power Sources, 195(15), 4554–4569.
https://doi.org/10.1016/J.JPOWSOUR.2010.01.076
(20) Adnan, S. B. R. S., Salleh, F. M., & Mohamed, N. S. (2016). Effect of interstitial Li+ ion
and vacant site Li+ ion on the properties of novel Li2.05ZnAl0.05Si0.95O4 and
Li1.95Zn0.95Cr0.05SiO4 ceramic electrolytes. Ceramics International, 42(15), 17941–
17945. https://doi.org/10.1016/j.ceramint.2016.08.047
(21) Kumar, B., Rodrigues, S. J., & Koka, S. (2002). The crystalline to amorphous transition in
PEO-based composite electrolytes: role of lithium salts. Electrochimica Acta, 47(25),
4125–4131. https://doi.org/10.1016/S0013-4686(02)00442-5
(22) WESTON, J., & STEELE, B. (1981). Thermal history — conductivity relationship in lithium
salt-poly (ethylene oxide) complex polymer electrolytes. Solid State Ionics, 2(4), 347–
354. https://doi.org/10.1016/0167-2738(81)90038-2
(23) Kumar, B., & Scanlon, L. G. (1994). Polymer-ceramic composite electrolytes. Journal of
Power Sources, 52(2), 261–268. https://doi.org/10.1016/0378-7753(94)02147-3
(24) Tarascon, J.-M., Gozdz, A. S., Schmutz, C., Shokoohi, F., & Warren, P. C. (1996).
Performance of Bellcore’s plastic rechargeable Li-ion batteries. Solid State Ionics, 86–88,
49–54. https://doi.org/10.1016/0167-2738(96)00330-X
(25) Liu, Y., Lee, J. Y., & Hong, L. (2004). In situ preparation of poly(ethylene oxide)–SiO2
composite polymer electrolytes. Journal of Power Sources, 129(2), 303–311.
https://doi.org/10.1016/J.JPOWSOUR.2003.11.026

113

(26) Ma, S., Jiang, M., Tao, P., Song, C., Wu, J., Wang, J., … Shang, W. (2018). Temperature
effect and thermal impact in lithium-ion batteries: A review. Progress in Natural Science:
Materials International, 28(6), 653–666. https://doi.org/10.1016/J.PNSC.2018.11.002
(27) Gabrisch, H., Ozawa, Y., & Yazami, R. (2006). Crystal structure studies of thermally aged
LiCoO2 and LiMn2O4 cathodes. Electrochimica Acta, 52(4), 1499–1506.
https://doi.org/10.1016/j.electacta.2006.02.050
(28) Mussa, Y., Ahmed, F., Abuhimd, H., Arsalan, M., & Alsharaeh, E. (2019). Enhanced
Electrochemical performance at high temperature of Cobalt Oxide/Reduced Graphene
Oxide Nanocomposites and its application in lithium-ion batteries. Scientific Reports,
9(1). https://doi.org/10.1038/s41598-018-37032-5
(29) Glass, D. E., Jones, J.-P., Shevade, A. V., Bhakta, D., Raub, E., Sim, R., & Bugga, R. V.
(2020). High temperature primary battery for Venus surface missions. Journal of Power
Sources, 449, 227492. https://doi.org/10.1016/J.JPOWSOUR.2019.227492
(30) Qian, G., Zhu, B., Liao, X., Zhai, H., Srinivasan, A., Fritz, N. J., Cheng, Q., Ning, M., Qie, B.,
Li, Y., Yuan, S., Zhu, J., Chen, X., & Yang, Y. (2018). Bioinspired, Spine-Like, Flexible,
Rechargeable Lithium-Ion Batteries with High Energy Density. Advanced Materials,
30(12), 1704947. https://doi.org/10.1002/adma.201704947
(31) Manuel Stephan, A., & Nahm, K. S. (2006). Review on composite polymer electrolytes
for lithium batteries. Polymer, 47(16), 5952–5964.
https://doi.org/10.1016/J.POLYMER.2006.05.069
(32) Sun, H. Y., Takeda, Y., Imanishi, N., Yamamoto, O., & Sohn, H.-J. (2000). Ferroelectric
Materials as a Ceramic Filler in Solid Composite Polyethylene Oxide-Based Electrolytes.
Journal of The Electrochemical Society, 147(7), 2462.
https://doi.org/10.1149/1.1393554
(33) Tomblin, John. (2016). The Development of the Dynamic Mechanical Analyzer
Calibration and Testing Procedures. FAA Final Report.
(34) Modulated DSC Compendium: Basic Theory & Experimental Considerations. TA
Instruments Literature TA210
(35) Hammer, A., Giani, S., Hempel, E., Jing, N., Nijman, M., Riesen, R., ... & Schubnell, M.
(2013). Thermal analysis of polymers: Selected applications. Greifensee, Switzerland:
Mettler Toledo.
(36) Gray, A. P. (1970). Polymer crystallinity determinations by DSC. Thermochimica Acta,
1(6), 563–579. https://doi.org/10.1016/0040-6031(70)80008-9
(37) Rawlinson, C. (2006). Differential Scanning Calorimetry. Cooking with Chemicals.
(38) Interpreting Unexpected Events and Transitions in DSC Results. TA Instruments
Literature TA039
(39) Rosero, I. D., Cuasapud, M. C., Viejo, J. R., & Zapata, R. A. V. (2006). Analisis de
electrolitos sólidos poliméricos PEO/CF3CO2LI por difracción de Rayos-X y SEM.
Tumbaga, 1(1), 69-74.

114

(40) Theodosopoulos, G., Zisis, C., Charalambidis, G., Nikolaou, V., Coutsolelos, A., &
Pitsikalis, M. (2017). Synthesis, Characterization and Thermal Properties of
Poly(ethylene oxide), PEO, Polymacromonomers via Anionic and Ring Opening
Metathesis Polymerization. Polymers, 9(12), 145.
https://doi.org/10.3390/polym9040145
(41) Wu, X.-L., Xin, S., Seo, H.-H., Kim, J., Guo, Y.-G., & Lee, J.-S. (2011). Enhanced Li+
conductivity in PEO–LiBOB polymer electrolytes by using succinonitrile as a plasticizer.
Solid State Ionics, 186(1), 1–6. https://doi.org/10.1016/J.SSI.2011.01.010
(42) Ben youcef, H., Garcia-Calvo, O., Lago, N., Devaraj, S., & Armand, M. (2016). CrossLinked Solid Polymer Electrolyte for All-Solid-State Rechargeable Lithium Batteries.
Electrochimica Acta, 220, 587–594. https://doi.org/10.1016/J.ELECTACTA.2016.10.122
(43) Zhu, L., Zhu, P., Fang, Q., Jing, M., Shen, X., & Yang, L. (2018). A novel solid PEO/LLTOnanowires polymer composite electrolyte for solid-state lithium-ion battery.
Electrochimica Acta, 292, 718–726. https://doi.org/10.1016/J.ELECTACTA.2018.10.005
(44) Piana, G., Bella, F., Geobaldo, F., Meligrana, G., & Gerbaldi, C. (2019). PEO/LAGP hybrid
solid polymer electrolytes for ambient temperature lithium batteries by solvent-free,
“one pot” preparation. Journal of Energy Storage, 26, 100947.
https://doi.org/10.1016/J.EST.2019.100947
(45) Lee, J., Howell, T., Rottmayer, M., Boeckl, J., & Huang, H. (2019). Free-Standing
PEO/LiTFSI/LAGP Composite Electrolyte Membranes for Applications to Flexible SolidState Lithium-Based Batteries. Journal of The Electrochemical Society, 166(2), A416–
A422. https://doi.org/10.1149/2.1321902jes
(46) Zhao, Y., Huang, Z., Chen, S., Chen, B., Yang, J., Zhang, Q., … Xu, X. (2016). A promising
PEO/LAGP hybrid electrolyte prepared by a simple method for all-solid-state lithium
batteries. Solid State Ionics, 295, 65–71. https://doi.org/10.1016/J.SSI.2016.07.013
(47) Senake Perera, M. , Ishiaku, U. ., & Mohd. Ishak, Z. (2001). Characterisation of PVC/NBR
and PVC/ENR50 binary blends and PVC/ENR50/NBR ternary blends by DMA and solid
state NMR. European Polymer Journal, 37(1), 167–178. https://doi.org/10.1016/S00143057(00)00085-9
(48) Yan, S., Deng, J., Bae, C., & Xiao, X. (2018). Thermal expansion/shrinkage measurement
of battery separators using a dynamic mechanical analyzer. Polymer Testing, 71, 65–71.
https://doi.org/10.1016/J.POLYMERTESTING.2018.08.028
(49) Didenko, A., Smirnova, V., Popova, E., Vaganov, G., Ivanov, A., Kuzmenko, E., …
Kudryavtsev, V. (2019). Investigation by TGA, DSC and DMA Urethane-Imide Copolymers
with High Content of Hard Imide Blocks. Key Engineering Materials, 822, 224–229.
https://doi.org/10.4028/www.scientific.net/kem.822.224
(50) Yunis, R., Girard, G. M. A., Wang, X., Zhu, H., Bhattacharyya, A. J., Howlett, P.,
MacFarlane, D. R., & Forsyth, M. (2018). The anion effect in ternary electrolyte systems
using poly(diallyldimethylammonium) and phosphonium-based ionic liquid with high

115

lithium salt concentration. Solid State Ionics, 327, 83–92.
https://doi.org/10.1016/j.ssi.2018.10.018
(51) Derbali, Z., Fahs, A., Chailan, J.-F., Ferrari, I. V., Di Vona, M. L., & Knauth, P. (2017).
Composite anion exchange membranes with functionalized hydrophilic or hydrophobic
titanium dioxide. International Journal of Hydrogen Energy, 42(30), 19178–19189.
https://doi.org/10.1016/J.IJHYDENE.2017.05.208
(52) Saeed, K., ISHAQ, M., & ILYAS, M. (2011). Preparation, morphology, and
thermomechanical properties of coal ash/polyethylene oxide composites. Turkish
Journal of Chemistry, 35(2), 237-243.
(53) Jaipal Reddy, M., Siva Kumar, J., Subba Rao, U. V., & Chu, P. P. (2006). Structural and
ionic conductivity of PEO blend PEG solid polymer electrolyte. Solid State Ionics, 177(3–
4), 253–256. https://doi.org/10.1016/J.SSI.2005.11.014
(54) Long, L., Wang, S., Xiao, M., & Meng, Y. (2016). Polymer electrolytes for lithium polymer
batteries. Journal of Materials Chemistry A, 4(26), 10038–10039.
https://doi.org/10.1039/c6ta02621d
(55) Lascaud, S., Perrier, M., Vallée, A., Besner, S., Prudʼhomme, J., & Armand, M. (1994).
Phase Diagrams and Conductivity Behavior of Poly(ethylene oxide)-Molten Salt Rubbery
Electrolytes. Macromolecules, 27(25), 7469–7477.
https://doi.org/10.1021/ma00103a034
(56) Weiss, M., Weber, D. A., Senyshyn, A., Janek, J., & Zeier, W. G. (2018). Correlating
Transport and Structural Properties in Li1+ xAlxGe2- x(PO4)3 (LAGP) Prepared from
Aqueous Solution. ACS Applied Materials and Interfaces, 10(13), 10935–10944.
https://doi.org/10.1021/acsami.8b00842
(57) Mahmoud, M. M., Cui, Y., Rohde, M., Ziebert, C., Link, G., & Seifert, H. J. (2016).
Microwave crystallization of lithium aluminum germanium phosphate solid-state
electrolyte. Materials, 9(7). https://doi.org/10.3390/ma9070506
(58) Kumar, B., Scanlon, L. G., & Spry, R. J. (2001). On the origin of conductivity
enhancement in polymer-ceramic composite electrolytes. Journal of Power Sources,
96(2), 337–342. https://doi.org/10.1016/S0378-7753(00)00665-0
(59) TGA Brochure. TA Instruments Literature. https://www.tainstruments.com/wpcontent/uploads/BROCH-DTGA-2016-En.pdf
(60)DSC Brochure. TA Instrument Literature. https://www.tainstruments.com/wpcontent/uploads/Discovery-DSC-Brochure.pdf
(61) Chen, P., Liang, X., Wang, J. et al. PEO/PVDF-based gel polymer electrolyte by
incorporating nano-TiO2 for electrochromic glass. J Sol-Gel Sci Technol 81, 850–858
(2017). https://doi.org/10.1007/s10971-016-4235-5
(62) Barroso-Bujans, F., Fernandez-Alonso, F., Cerveny, S., Parker, S. F., Alegría, A., &
Colmenero, J. (2011). Polymers under extreme two-dimensional confinement: Poly
(ethylene oxide) in graphite oxide. Soft Matter, 7(16), 7173-7176.

116

(63) Feng, X., Ouyang, M., Liu, X., Lu, L., Xia, Y., & He, X. (2018). Thermal runaway
mechanism of lithium ion battery for electric vehicles: A review. Energy Storage
Materials, 10, 246–267. https://doi.org/10.1016/j.ensm.2017.05.013
(64) Thermal Analysis of Polymers. Mettler Toledo, 2013, www.mt.com/dam/LabDiv/guidesglen/ta-polymer/TA_Polymers_Selected_Apps_EN.pdf.
(65) Cassel, R. Bruce. Purity Determination and DSC Tzero™ Technology. TA Instruments
Applications TA295, 1-8.
(66) Dynamic mechanical analysis. (2020, October 20).
https://en.wikipedia.org/wiki/Dynamic_mechanical_analysis
(67) Kalogeras, I. M. (2016). Glass-transition phenomena in polymer blends. Encyclopedia of
Polymer Blends, Volume 3: Structure. DOI: 10.1002/9783527653966.ch1

117

